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Chapter 1
Introduction
In condensed matter, much of the interesting physics is a result of the quan-
tum nature of particles. One of the most fundamental property of particles, the
spin, has its origin in the principles of quantum mechanics, and understanding
its behaviour is essential to explain the phenomenon of magnetism. In materi-
als, unpaired spins of atoms of a lattice can interact and behave as a collective
spin system. At zero temperature, the spin system is in its lowest energy state,
the so-called ground state. At higher temperatures, so-called spin excitations
are produced in the system that are of a dispersive nature, and are capable of
transporting energy.
The reduction of dimensionality of the spin system from three dimensions (3D),
leads to the emergence of observable quantum eects. It results in strong quantum
uctuations which increasingly dictate the ground state behavior [1{5]. As op-
posed to classical ferromagnetic or antiferromagnetic ground states in 3D, in lower
dimensions disorder mostly prevails even at T = 0 and novel ground states arise,
where spins lying far away from each other are able to couple with each other. If
spins have a strong coupling in one direction via, say, an intrachain interaction J
and a very weak coupling in the other directions via an interchain interaction J 0,
the ratio J=J 0 determines how well the system displays low-dimensional behavior.
A large J=J 0, like that present in the systems dealt with in this work, allows one
to probe the eects of low-dimensionality over a wide range of experimentally
accessible temperatures. Analytical and numerical treatment of systems in or-
der to obtain thermodynamic quantities is simplied when the number of spatial
dimensions is reduced. Such calculations then can be compared and validated
with experiments on materials that closely realize simplied model Hamiltoni-
ans. Thus, this eld provides for a fruitful interplay of theory and experiment
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potentially giving scope for an insightful understanding of correlated systems in
general.
One particularly interesting property of such low-dimensional systems is heat
transport. Heat transfer processes in the solid state have always proved to be
of fundamental and applied importance. An insight into the behaviour and in-
teraction of quasiparticles, ground states, and associated excitations in the non-
equilibrium state can be obtained from transport phenomena. Conventionally,
electrons and phonons were known to be the carriers of heat in solids. However,
recently, substantial experimental and theoretical evidence gathered towards es-
tablishing the idea that heat can be transported via excitations of the spin system.
Large anisotropic heat transport properties have been observed in various low-
dimensional cuprate systems like the 1D spin chain compounds, Sr2CuO3 and
SrCuO2 [6{10], the 2D Heisenberg antiferromagnet La2CuO4, [11{16], and spin-
ladder compounds like (Sr,Ca,La)14Cu24O41 [17, 18] and La2Cu2O5 [19], which
cannot be explained by conventional heat transfer processes, and which can arise
only due to propagating spin excitations.
The nature of spin excitations is shown to be very dierent for spin systems
with dierent spatial dimensions, and this makes it very interesting to investi-
gate heat transport in a variety of spin structures. Much of the current interest
is due to theoretical discoveries of anomalous transport properties in quantum
integrable systems [20, 21]. Due to the integrability of the S = 1
2
Heisenberg
chain, the intrinsic spinon heat transport was predicted to be `ballistic', causing
the heat conductivity to diverge [22, 23]. But in real systems scattering mecha-
nisms involving phonons and defects render the system non-integrable. However,
experimental evidence of exceptionally large spinon heat conductivity and mean
free path in 1D spin chains of the highly pure cuprate materials SrCuO2 and
Sr2CuO3, strongly supports the claim of ballistic transport [6{10].
Understanding heat transport in quantum systems has been an unsolved issue
from the point of view of both theory and experiment [6{10, 12, 17, 20{40]. There
is very little knowledge of the mechanisms and temperature dependence of scat-
tering processes that involve the spin excitations, especially in lower dimensions
where the quantum nature of the spin system plays an important role. There do
exist some theoretical and experimental works in this regard, which indicate that
scattering by impurities at very low temperatures and by phonons at higher tem-
peratures are the processes that dictate the temperature and doping dependence
of the mean free path of spin excitations in 1D systems [7{10, 26, 30, 34{37].
Quantitative descriptions in the framework of simplied semi-classical models
that include scattering processes with impurities and phonons, in spite of being
2
empirical in nature, are able to model experimental observations with remarkable
accuracy, and have been a valuable input to the theory of quasiparticle heat trans-
port. In the direction of developing a fully quantum mechanical and microscopic
theory of heat transport, systematic experimental heat transport experiments on
clean and disordered S = 1
2
low-dimensional systems of various kinds in dierent
temperature regimes would thus be desirable.
Any experimental investigation to probe anisotropy in physical properties of
materials requires high quality single crystals. Depending upon the experimen-
tal technique, dierent amount of sample is needed to perform a successful and
unambiguous measurement. Measuring and analyzing physical quantities like
thermal conductivity with a view to study the contribution from magnetic ex-
citations, magnetic susceptibility, spin-lattice relaxation rates using NMR, and
other anisotropic properties requires single crystals with dimensions of the order
of a few millimeters. To study dynamic response of materials by probing magnetic
excitations at low energies, inelastic neutron scattering is probably the best tool
available. Due to low ux of available neutrons beams and weak interactions of
neutrons with matter, large single crystals weighing a few grams are necessary for
good resolution. It is well known that transport properties are very sensitive to
the presence of imperfections and impurities in the crystal. Also, many physical
properties, like the appearance of superconductivity in cuprates, depend crucially
on factors like stoichiometry. Thus, a systematic study mandates high quality
single crystals devoid of impurities. Therefore, a part of this thesis focuses on the
growth of single crystals of the materials of interest. We have used the travelling
solvent oating zone (TFSZ) method to synthesize large single crystals ranging
from a few millimeters to a few centimeters in dimensions.
One interest of this work concerns spin chain compounds, SrCuO2 and Sr2CuO3,
where the eect of impurity-induced disorder on spin dynamics and thermal trans-
port properties has been investigated. Theoretically, impurities or defects are
known to have strong observable eects on the properties of S = 1
2
chains [41{
45]. Not many systematic experimental studies, apart from a few [32, 46{50],
have focussed on this problem, thereby preventing the theoretical results from
being veried. As sensitive probes for disorder, thermal transport measurements,
nuclear magnetic resonance (NMR) and inelastic neutron scattering (INS) have
been used to probe how the ground state, spin excitations and their dispersion
are modied in the presence of impurities. With thermal transport studies on
the doped versions of these compounds, we systematically address the scattering
mechanisms involved and provide evidence for strong spin-phonon coupling in
such systems.
3
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Very little is known about scattering and heat transport in antiferromagnetic 2D
spin systems. Investigations on the heat transport properties of the 2D Heisenberg
antiferromagnet, La2CuO4, are restricted to low temperatures of 300 K, where
the magnetic contribution is still large [11{16]. With a view to understand the
behaviour of heat conductivity at higher temperatures by shedding light on the
scattering mechanisms, heat transport up to very high temperatures has been
investigated for the rst time. This is aimed at motivating theoretical work on
the long-standing problem of magnon transport in 2D. Also, to study the eects
of small impurity concentrations on the heat conductivity, single crystals of Ni-
and Zn-doped La2CuO4 have been grown.
Among low-dimensional magnets, the class of spin-ladder compounds is of spe-
cial interest as they are invaluable in understanding the physics of the crossover
from 1D to the 2D nature of spin systems. Quantum eects lead to drastic
dependencies of their properties on the number of legs in the spin-ladder. For
example, gapped and ungapped spin excitation spectra have been predicted and
experimentally veried for spin ladders with even and odd number of ladder-legs,
respectively, arising from dierences in ground states [51]. However, experimen-
tal realizations of ladder systems are few, especially spin ladders with number of
legs greater than two [52, 53]. This calls for exploratory and systematic studies
for synthesizing new materials that realize such spin-ladders, and motivates a
part of the work in this thesis which concerns the crystal growth of a ve-leg
ladder compound, La8Cu7O19. In addition, the single crystal growth of a dia-
magnetic delafossite, LaCuO2, has been discussed in detail, as single crystals of
this compound have been synthesized for the rst time.
The thesis is structured as follows. In chapter 2, theoretical concepts of low-
dimensional quantum magnets are briey introduced to illustrate fundamental
dierences that arise in material properties as a function of dimensionality. In
chapter 3, heat transport is discussed in the context of dierent quasi-particles
that carry heat, with an emphasis on magnetic excitations, followed by a short
introduction to the dierent experimental techniques that were used in this work
in chapter 4. Chapter 5 introduces structural, magnetic, transport properties
of the materials that are investigated with a view to motivate the work carried
out in this thesis. Then, in chapter 6, the basics of crystallization processes and
the TFSZ method, and the details of the crystal growth experiments are dealt
with. Finally, chapters 7, 8, 9, 10 discuss the experimental results for dierent
materials, with an emphasis on their heat transport properties. At the end, a
short appendix discusses some inconclusive results of heat transport experiments
on Co- and Zn-doped SrCuO2 compounds.
4
Chapter 2
Low-dimensional systems
The matter below is based on literature available in textbooks, PhD theses and
review articles referenced as [2, 3, 51, 54{61].
2.1 Magnetic interactions: Heisenberg model
A two-electron system, like a H2 molecule, can be considered to understand the
origins of magnetic interactions, and the Heisenberg model. The Hamiltonian
(H^) for this system consists of only terms that describe Coulomb interactions in
the system. If we consider the H2 molecule with two atoms centered at ~Ra and
~Rb, the Hamiltonian can be written as,
H = Hat(~r1   ~Ra) +Hat(~r2   ~Rb)
  e
2
j ~r1   ~Rb j
  e
2
j ~r2   ~Ra j
+
e2
j ~r1   ~r2 j +
e2
j ~Ra   ~Rb j
(2.1)
The rst two terms (Hat) arise from energies of isolated atoms, the next two
terms describe the electron-proton attraction, and the last two terms describe
the electron-electron and proton-proton repulsion respectively. For a neutral H2
molecule one expects one electron in each atomic orbital, thus resulting in four
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spin congurations: j""i, j"#i, j#"i, j##i. These can be chosen as the basis for
constructing the eigenstates. For the spin part, ifH is isotropic in spin-space then,
s, the total spin, and ms, the z-component of the total spin are good quantum
numbers because the corresponding operators commute with the Hamiltonian.
If S^tot is the total spin operator then,
(S^tot)2 = (S^a)2 + (S^b)2 + 2S^a  S^b (2.2)
where, S^a and S^b are the spin operators. The eigenvalue of (S^tot)2 is s(s + 1),
where s is the total spin quantum number for the two spins combined, which can
be 0 or 1. The eigenvalues for (S^a)2 and (S^b)2 are 3
4
, and that for S^tot can be 0 or
2. Thus, for the singlet state, s = 0, S^a  S^b takes the value  3
4
, and for the triplet
state, s = 1, S^aS^b takes the value 1
4
. The system therefore has two energies for
s = 0 and 1. Each state is 2s+1 times degenerate. The z-component of the spin,
ms, is 0 for the singlet state, and either -1, 0 or 1 for the triplet state.
The total wavefunction of the system is a combination of the orbital and spin
wavefunctions, and has to be antisymmetric for electrons. Thus, either the spin
part has to be symmetric and the orbital part antisymmetric, or the other way
round. Thus, the symmetry of the orbital wave-function depends on the value
of s. In other words, the Coulomb interactions depend on the value of the spin
quantum number, and the ipping of spins, and changing the value of the total
spin will change the distribution of electrons and the Coulomb energy of the
system.
If  a(r) and  b(r) are the orbital wavefunctions of each of the electrons, and
 AS and  S are corresponding antisymmetric and symmetric total orbital wave
functions for the two-electron system, one has,
 AS =
1p
2(1  
)( a(~r1) b(~r2)   a(~r2) b(~r1)) (2.3)
 S =
1p
2(1 + 
)
( a(~r1) b(~r2) +  a(~r2) b(~r1)) (2.4)
where, 
 =
R
 a(r) b(r)dr
3 is the overlap integral. If (1; 2) is the total spin
wavefunction, we can write the total wave function for the two-electron system
as,
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Ferromagnetic order Antiferromagnetic order
J > 0 J < 0
Figure 2.1: A schematic of a square lattice with spins coupled to each other either ferro-
magnetically (J > 0) or antiferromagnetically (J < 0).
	11;0; 1(~r1; ~r2) = 
1
1;0; 1(1; 2) AS(~r1; ~r2) (2.5)
	00(~r1; ~r2) = 
0
0(1; 2) S(~r1; ~r2) (2.6)
where, subscript denotes ms and superscript denotes s.
From equations 2.1, 2.3, 2.4, 2.5 and 2.6, with some basic algebra, it is straight-
forward to derive the energy splitting between the s = 0 and s = 1 states (see
[56]), and this can be given as,
ET   ES = 2


2Cab   Iab
1  
4

(2.7)
where, Cab and Iab are terms that describe Coulomb and exchange energies,
respectively.
Knowing the singlet-triplet splitting and the electron wavefunctions, using equa-
tion 2.2, one can write an eective Hamiltonian instead of the full interaction
Hamiltonian in eq. 2.1 for the system as,
7
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He =
1
4
(ES + 3ET )  (ES   ET )S^a  S^b (2.8)
Here, the orbital and spin degrees of freedom are mapped onto only spin-ips
and spin degrees of freedom. The constant term 1
4
(ES + 3ET ) can be neglected
as it only marks the absolute position of ground state energy level. And, one
can replace the energy dierence between the singlet and triplet states with J ,
the so-called exchange interaction constant and write equation 2.8 as an eective
spin Hamiltonian,
Hspin =  JS^a  S^b (2.9)
From eq. 2.7 and eq. 2.8, depending on the value of Cab, Iab and 
, J can be
positive or negative. For J > 0, ES > ET , and the triplet state is preferred. For J
< 0, ES < ET , and the singlet state is preferred. Thus, for 
 > 0 and 

2Cab > Iab,
i.e for suciently large overlap of orbitals, the coupling is antiferromagnetic. Such
a description can be applied to interactions between spin degrees of freedom at
sites on a lattice, as illustrated for a square planar lattice in two dimensions in
Fig. 2.1. Thus, one can generalize this for many body systems, and we get the
so-called Heisenberg model,
H^ =  
X
i;j
JijS^i  S^j (2.10)
with Jij being the exchange constant between the i
th and jth spins.
2.2 Magnetic interactions: Hubbard model
The single band Hubbard model [62] can be used to describe electronic correla-
tions in a many-body system. As we shall see below, it maps a complex system of
hybridized states, like the O2p and Cu3d states on a simple single-orbital model.
The corresponding Hamiltonian can be written as,
H^ =  t
X
i;j;
(cyi;cj; + ci;c
y
j;) + U
X
j
nj;"nj;# (2.11)
8
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It has two competing terms, t: the kinetic energy or the hopping term that
favours delocalized charge, and U : the on-site electron-electron Coulomb energy.
For the case where t = 0 and U 6= 0, we have a situation where the atomic sites
are decoupled, and two sharp energy levels exist at E = 0 and E = U , where the
addition of each electron costs an energy equal to U . If a small t is present (t < U ,
t 6= 0), the sharp energy levels turn into bands, namely the lower Hubbard band
(LHB) and the upper Hubbard band (UHB). When t  U , as is the case for
the cuprates which are dealt with in this work, the electrons are localized due to
strong correlation and a so-called Mott-insulator results. With increasing t, the
LHB and UHB become broader, and for t U , a weakly correlated metal results
where electron mobility is high due to band-overlap.
Now, consider two spins on neighbouring sites in a half-lled Hubbard model
with t < U . For, t = 0, the ground state of the system is degenerate with
respect to the spin orientation. Antiferromagnetic (AFM) and ferromagnetic
(FM) congurations are equally preferred. Whereas, when t is small and 6= 0,
the AFM state has a lower energy due to the possibility of slight delocalization
of charge. For small t compared to U , the second-order perturbation theory can
be used to nd this energy dierence due to which an AFM state is energetically
preferred. This dierence, EAFM, is found to be equal to ( 4t2=U). Thus, the
Hamiltonian for a Mott-insulator at half-lling can be expressed as a Heisenberg
Hamiltonian with J = ( 4t2=U) [61], i.e. the Hubbard system at half-lling in
the limit t U corresponds to an insulator with a system of interacting spins on
a lattice. So, we have,
H^ =  
X
i;j
JS^i  S^j; J =  4t2=U: (2.12)
Such is the case for insulating cuprates where t U . In cuprates, the geometry
of the lattice and the valency of the Cu and O atoms provides for an arrange-
ment where two S = 1
2
electrons can interact via a 180 Cu-O-Cu exchange path.
A mechanism called the superexchange is facilitated here, resulting in antiferro-
magnetic interaction [63]: There is an exchange interaction between the two Cu
spins that is mediated by the non-magnetic O atom lying between them. Single
unpaired d-electrons sit on each metal atom and two p-electrons sit in the outer-
most O orbitals. An antiferromagnetic coupling between the Cu spins lowers the
energy of the system by delocalizing these electrons over the structural unit Cu-
O-Cu. The single band Hubbard model describes well the electronic properties
in such cuprates, although the three band Hubbard model that incorporates the
9
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z
y
x
dxy dyz dxz
dx - y2 2
dz2
free ion
(degenerate)
eg
t2g
Figure 2.2: Left: The CuO6 octahedron, that is an integral part of many two-dimensional
cuprates like La2CuO4. Right: The energetically split orbitals of Cu due to the crystal eld
experienced by it in the center of the octahedron.
Cu and O orbitals and their hybridizations achieves a more realistic description.
As an example we can look at the parent high Tc superconductor La2CuO4,
that realizes the antiferromagnetic S = 1
2
Heisenberg model on a square lattice
[64]. La2CuO4 has an empty shell of La
3+, a full 2p shell of O2  and Cu2+ in the
conguration 3d9. These 3d levels of Cu are split due to octahedral crystal eld
into t2g and eg orbitals. The Cu-Oapical distance is larger than the Cu-Oin plane
distance. Thus, the orbitals of Cu pointing out of plane, towards the apical
oxygen (3dx
2 y2) have lower energy. The last 3d9 unpaired electron therefore sits
here. The octahedral CuO6 unit along with the energetically split orbitals are
shown in Fig. 2.2. The hybridized O2p and Cu3d states can be described by a
single-orbital Hubbard model as shown schematically in Fig. 2.3. Here, t  t0 ,
where t and t
0
are the in-layer and the out-of-layer hopping terms. Thus, the
antiferromagnetic coupling is restricted to the CuO2 layers. For this compound,
t ' 0:4eV and U ' 8eV [2], and from this one can estimate J to be  1000 K.
The situation in such a compound with large U is schematically shown in Fig. 2.3.
Such an insulator is called a charge-transfer insulator. The two bands separated
by the charge-transfer gap , half-lled 3d and the lled 2p band are shown.
Upon switching on the Coulomb interaction U , the 3d band splits into the UHB
and the LHB, the dierence between these bands equalling U . If U is larger than
t, then the LHB shifts to energies even lower than that of the O2p band, and
the charge-transfer gap becomes the signicant one which has to be overcome
10
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D(
)
charge transfer
gap
2p
3d
D
UHB
switch on U
U < D
LHB
U
D
UHB
LHB
U
2p
2p
U >> D
Mott-Hubbard
insulator
Charge-transfer
insulator
Figure 2.3: A schematic of the Hubbard model for systems with small and large U (the
Mott-Hubbard gap) as compared to t (the charge-transfer gap).
to have conduction, a situation that occurs in the superconducting hole-doped
versions of La2CuO4. As discussed before, such a charge-transfer insulator, for
all practical purposes, can be described well by considering spins interacting on
a square-planar lattice within the framework of the Heisenberg model, with the
strength of this interaction given by J = ( 4t2=U).
2.3 Quantum magnetism: 1D to 2D
2.3.1 1D
For spins arranged on a 1D chain, consider the Heisenberg Hamiltonian with
nearest neighbour interaction,
H^ = J
X
i
S^i  S^i+1 (2.13)
H^ = J
X
i
(S^xi S^
x
i+1 + S^
y
i S^
y
i+1 + S^
z
i S^
z
i+1) (2.14)
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Figure 2.4: Left: Spin excitations on an Ising chain. Right: Gapless spinon excitation
spectrum of a Heisenberg chain, viz. the two-spinon continuum
Introducing raising and lowering operators, S^+ = Sx + iSy and S^
  = Sx   iSy
we can write the above Hamiltonian as,
H^ = J
X
i
(S^zi S^
z
i+1 +
1
2
(S^+i S^
 
i+1 + S^
 
i S^
+
i+1)) (2.15)
The second term will cause ipping of spins in the ground state. For a classical
system, the ground state is an antiferromagnetic Neel state, where spins are
treated in the molecular eld approximation as classical vectors [54]. It can be
easily shown that the energy of such a state will be ENeel =  NJ4 , where N is the
number of sites. Another ground state is the `resonating valence bond' (RVB)
state which is a superposition of singlet states comprising of pairs of spins similar
to the schematic for 2D, shown Fig. 2.6. It is also straightforward to prove that
such a singlet state gives an energy of ERV B =  3NJ8 , when the above Hamiltonian
is applied to it. Thus, the RVB state has a lower energy than the Neel state, and
is a more probable candidate to describe the ground state properties.
Equation 2.15 represents the antiferromagnetic Heisenberg chain. Hans Bethe
proposed an ansatz to exactly solve this model and calculate the ground state
[65]. The ground state turns out to be a singlet state. The excitations of the
ground state of a Heisenberg chain are known as spinons. They have S = 1
2
, and
are fermions. They follow a dispersion relation given by,
~! =  j J sin(ka) j (2.16)
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Figure 2.5: Left: (T ) as calculated by EAT (black dots) [68] and as calculated by
Bonner and Fisher (blue line) [69]. Right: the electronic specic heat co-ecient c=T for
a Heisenberg chain; inset: the specic heat versus the temperature.
where, a and k are the lattice parameter and the wave vector respectively. This
was rst obtained by Cloizeaux and Pearson [66], and its interpretation as being
the spinon dispersion was given by Fadeev and Takhtajan [67]. The excitations
are gapless as ! ! 0 when k ! 0. These spin excitations can be visualized as
spin ips and eventual movement of domain walls in opposite directions along
an Ising chain (Fig. 2.4). A neutron scattering experiment, where S = 1,
implies a creation or annihilation of two spinons. Thus, momentum (k1 + k2)
and energy (~!1 + ~!2) is measured for the spinon pairs that are created or
annihilated, giving the two spinon continuum between equation 2.16 and ~! =
2 j J sin(ka=2) j.
Bonner and Fisher [69] numerically calculated the susceptibility of a Heisenberg
spin chain for T & 0:4J=kB in 1964. The Bonner-Fisher susceptibility value for a
large number of spins can be extrapolated to an expression that is generally used
to t experimental data [70],
(x) =
nsg
22B
J
0:5x+ 0:2999x2 + 0:60188x3
1 + 1:9862x+ 0:68854x2 + 6:0626x3
(2.17)
where, x = J=2kBT . Further, exact calculations based on the Bethe ansatz
were used to calculate the susceptibility at T = 0 by Grith et. al [71] and Yang
et.al [72] which can be given as,
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(0) =
nsg
22B
J2
(2.18)
where, ns is the number of spin chains per unit area, and g is the g-factor. The
extrapolation of this Bonner-Fisher susceptibility curve matches very well with
this zero temperature value. Later, Eggert, Aeck and Takahashi (EAT) [68] used
eld theoretical methods and the Bethe ansatz to exactly obtain (T ). However,
at very low temperatures of kBT=J . 0:25, (T ) obtained by EAT deviates
from the Bonner-Fisher susceptibility due to logarithmic corrections that become
important in this temperature regime. Fig. 2.5 shows these susceptibilities. The
expression for (T ) obtained by EAT can be written as,
(T ) =
nsg
22B
J2

1 +
1
2 ln(7:7J=kBT )

(2.19)
Later, Klumper and Johnston et.al [73{75] accurately calculated, using a nu-
merical Bethe ansatz method, the susceptibility and specic heat of a Heisenberg
chain, which reproduced the result of EAT, and also agreed with the exact theory
using the eective Hamiltonian approach [76{78] that was proposed by Lukyanov
[79]. The calculated specic heat as a function of temperature and the coecient
of the specic heat c=T vs T is plotted in Fig. 2.5.
2.3.2 2D
According to the Mermin-Wagner-Berezinskii theorem [80] for an isotropic Heisen-
berg model in dimensions less than 2, thermal uctuations (Goldstone modes
that cost very small energy) destroy long range order at non-zero temperature.
At T = 0 K, however, long range order is expected in 2D. Although no theo-
rem exists to rigourously prove this, the evidence is substantial. Anderson [81]
conjectured that the ground state of the 2D S = 1
2
Heisenberg antiferromagnet
(2D-HAF) might be disordered and postulated the RVB state as a possible low
energy state, a spin-liquid like state composed of singlets as shown in a schematic
in Fig. 2.6. Although the ground state is not exactly solved, many theoretical
methods like the spin-wave theory, mean-eld theory and quantum Monte Carlo
calculations have given a good deal of understanding [82{84]. In the framework
of the spin-wave theory developed by Anderson and Kubo [85, 86], the bosonic
quasiparticles for the 2D Heisenberg system at low T are well-dened spin wave
14
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J < 0
+ + ...
Y
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=
Figure 2.6: A pictorial depiction of the resonance valence bond state proposed by Anderson,
as being a linear combination of singlet states in 2D.
excitations called magnons. Similar excitations are also obtained by considering
an itinerant picture in a mean eld approximation [87].
As T ! 0, the system develops correlated regions of short range order which
increase in size with decreasing temperature. This spin-spin correlation length, ,
diverges as T ! 0K. The Heisenberg Hamiltonian in equation 2.10 can be used to
describe the 2D-HAFM and the spin uctuations therein. Chakravarty et al. [88,
89] calculated using perturbative renormalization group theory and the non-linear
sigma model, the correlation length at low-T . At T > 0 order disappears and
the spin-spin correlation length exponentially decays as (T ) = C exp( T
kBT
). This
exponential temperature dependence of the correlation length was also predicted
by some other groups [83, 84, 90]. Later, Hasenfratz and Niedermeyer calculated
the exact temperature dependence of the correlation length [91]. This can be
given as,
=a =
c
8
c=a
2s
exp(2s=T )
"
1  1
2

T
2s

+ O

T
2s
2#
(2.20)
where is s the spin stiness, and c is the spin wave velocity. For the S =
1
2
nearest neighbor 2D square lattice Heisenberg antiferromagnet c/a = 1.18
p
J and
2s = 1.15 J [88, 91, 92].
Spin excitations and pair-magnon excitations in the prototype 2D Heisenberg
antiferromagnet, La2CuO4, have been measured by neutron scattering [93{95] and
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Raman scattering [96]. These experiments show that the 2D antiferromagnetic
correlations are & 200 A for T  400 K. The energy scale of the spin uctua-
tions is very large, an idea of which is given by the value of J  1500 K. The
calculations of the correlation length match well with the results of neutron and
Raman scattering experiments [95{97]. 3D ordering in real systems like La2CuO4
has been found, and is attributed to the nite interlayer coupling J 0. La2CuO4
show an anomaly in the susceptibilty () at TN [98{100]. The zero temperature
properties however, theoretically, are found to be only weakly aected by small
values of J 0. Thio et. al. [98] found that the role of Ising like anisotropies are
weak in 2D. However, a small canting of spins out of the layered plane is nec-
essary to explain the ferromagnetism exhibited below the ordering temperature.
This canting of spins (the weak ferromagnetism) can be understood by adding
the Dzyaloshinskii-Moriya term [101, 102] to the Hamiltonian. Thus we have,
H^ = H^Heisenberg + H^DM (2.21)
H^ =  
X
i;j
JijS^i  S^j +
X
i;j
Dij  (S^i  S^j) (2.22)
2.3.3 Ladders
Spin ladders stand at the crossover between the one dimensional Heisenberg chain
and the two-dimensional Heisenberg square lattice. n-leg ladders comprise of par-
allel chains of ions, connected to each other by an interchain coupling through the
rungs, that is comparable in strength to the couplings along the chains. Among
low dimensional magnets, the class of spin ladder compounds is of special interest
as they are invaluable in understanding the physics of the crossover from one-
dimensional to the two-dimensional nature of spin systems. They are known to
show interesting magnetic ground states and even superconductivity upon charge
carrier doping [51]. The dimensionality of the spin system plays an important role
in deciding magnetic ground states. Reduction in dimensional degrees of freedom
enhances eects due the quantum nature of the spin at experimentally accessible
temperatures. Interestingly, these very quantum eects lead to drastic depen-
dencies of magnetic properties on the number of legs of the spin ladder [103].
For example, gapped and ungapped spin excitation spectra have been predicted
for spin ladders with even and odd number of ladder-legs respectively, arising
from dierences in ground states [51]. Even-leg ladders have spin-liquid/RVB
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T/J
Figure 2.7: (a) (T ) calculated by quantum Monte Carlo method for ladders of dierent
number of legs, (b) shows an enlarged plot of the low temperature regime of (T ); taken
from [57]
ground state and spin correlations are short range, decaying exponentially. For
odd-leg ladders, the behavior is akin to a single chain, with power-law decay of
spin correlations.
The Heisenberg Hamiltonian for ladders with n legs and length L can be written
as,
H = Jleg
X
i;j
~Si  ~Sj + Jrung
X
i;j
~Si  ~Sj (2.23)
where, Jleg and Jrung are the exchange coupling constants along the legs and
rungs of the ladder respectively. In a two leg ladder, if the coupling along
the rungs is much stronger than the coupling along the legs in equation 2.23
(Jrung  Jleg), then a conguration with spins on each rung forming a sin-
glet pair is preferred. This singlet ground state has zero total spin, and a -
nite amount of energy is required to create a triplet. This creates excitations
due to the coupling along the legs and causes a magnon branch with dispersion
!(k) = Jrung + Jleg(cos k) [104]. The resulting spin gap between the ground and
excited states can be given as, spin = !()  Jrung   Jleg. Along the legs of the
ladder the spin-spin correlations decrease exponentially as a function of distance
along the leg. For the case of Jrung=Jleg = 0, the legs decouple and behave as
two independent S = 1
2
Heisenberg chains. For the case of ladders with number
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Temperature (K)
(a) (b)
Figure 2.8: (a) Experimentally obtained susceptibility, (T ), for (a) three-leg ladder
Sr2Cu3O5 [108], and (b) two-leg ladder (VO)2P2O7 [109]
of legs n > 2, for any Jrung  Jleg 6= 0, the ground state is again a S = 0 singlet
with a nite gap, when n is even. There have been theoretical studies using mean
eld approach and Renormalization Group (RG) theory that estimate the value
of the gap for a four-leg ladder and it is found to be roughly half that of the
two-leg ladder [105{107].
For odd n, say a three-leg ladder, each rung forms a doublet ground state with
S = 1
2
and doublet and quadruplet excited states. The doublets with S = 1
2
states in each rung will now interact with each other via an eective interaction
generated by the inter-rung coupling, Jrung. This interaction, Je is rotationally
invariant and thus has the Heisenberg form. The ground state eigenfunction
is thus a product of doublets. A nite J lifts the degeneracy of this 2n-fold
degenerate ground state. Thus, the eective Hamiltonian can be written up to
rst order as,
H
(1)
e = Je
X
j
~Si;tot  ~Si+1;tot (2.24)
~Si+1;tot is the total spin of the i
th rung. Thus, one can map the low-energy states
of an odd-leg ladder onto those of a spin chain. Therefore, we have, essentially,
S = 1
2
spins on a chain interacting via Je . As we know from earlier, such an
arrangement has gapless excitations. This scenario is valid for all odd leg ladders
and RG calculations have veried this picture [110]. The susceptibility  as a
function of temperature was calculated by quantum Monte Carlo method for
ladders of dierent number of legs (n) by Frischmuth et al. [57] (Fig. 2.7). The
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inset of Fig. 2.7 shows an enlarged plot of the low-temperature regime of (T ),
where one can see that the susceptibility for even-leg ladders exponentially drops
to zero as T ! 0. For larger n, the drop sets in at smaller T and is steeper,
i.e., the gap decreases substantially with increasing n. Whereas the susceptibility
approaches a nite value for odd-leg ladders, as is the case of a single chain.
Some of these theoretical predictions have been veried experimentally, in mate-
rials such as (VO)2P2O7 [109] and the homologous series of cuprates Srn 1Cun+1O2n
[111], which contain weakly coupled arrays of ladders. Magnetic susceptbility
measurements for two- and three-leg ladders is shown in Fig. 2.8. A sharp drop
of (T ) at low-T indicates the presence of a spin gap in the two leg ladder,
(VO)2P2O7, whereas (T ) approaches a constant value as T ! 0 for the three-
leg ladder, Sr2Cu3O5, as is expected for the case of spin chains. (T ) calculations
using the quantum Monte Carlo method for n = 1 to 6 by Frischmuth et. al. [57]
agree qualitatively with these experimental results.
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Thermal conductivity in solids
Heat conduction in solids can occur due to propagating charge carriers like elec-
trons and holes, excitations of the lattice called phonons, and excitations of the
spin system, magnetic excitations. In metals, charge carries dominate heat trans-
fer and in insulators phonons are the major heat carriers. The magnitude and
temperature dependence of thermal conduction depends on various factors like
concentration of carriers, interaction and scattering between them, lattice imper-
fections and defects, grain size, etc. However, there is no complete microscopic
theory that describes thermal transport in details in a variety of systems. Here, we
dene and introduce the basic formulation for thermal conductivity and describe
briey the dierent modes of thermal transport in insulators. The discussions
below are in the lines of previous works and textbooks [54, 56, 58, 59, 112{115].
3.1 Denition
Thermal conductivity is dened in the form of a rate equation that determines
the conduction heat ux from the temperature distribution in the medium, also
called as the Fourier's law [116]. In the framework of the linear response theory
this can be written as,
~jth =  (T )rT (3.1)
where, ~jth is the current density. Here, thermal conductivity is dened as
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the proportionality constant in the relation between temperature gradient and
thermal current density in a solid. In general, thermal conductivity is a tensor,
but it can be treated as a scalar for most lattice types by diagonalizing the tensor
matrix.
3.2 Kinetic theory
Although there is no rigorous theory for understanding thermal transport, the
kinetic theory, similar to that applied for gas molecules, works surprisingly well
for all practical purposes. Here, excitations are treated as particles. Consider a
temperature gradient rT in a gas of excitations where each particle of the gas
has an atomic heat c. Thus, to change temperature by T each particle has to
gain energy cT . If the particle velocity of v then for a moving particle,
@"
@T
=  cvrT (3.2)
must be valid for local thermal equilibrium. The thermal current due to this
moving particle per unit area will depend on the average distance travelled by it
before scattering, i.e vT . Thus, the total thermal current will be,
j =  1
3
ncv2rT (3.3)
where, v is the average mean free path and the 1=3 factor comes from averaging
over all directions. Combining this with the Fourier's law of thermal conduction
we get,
 =
1
3
Cvl (3.4)
This applicability of this formula is limited though as  is assumed to be in-
dependent of energy or position, which might not entirely hold for real systems.
A somewhat more sophisticated approach to treating thermal transport is as fol-
lows. Instead of tracing each particle and its collisions, one looks at the system
as a whole at time t and characterizes it using a so-called distribution function
fk(r; k; t) that signies the probability of a state `~k' being occupied. This statis-
tical method of calculating the transport co-ecients is due to Boltzmann [117].
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fk(r; k; t) measures the number of heat carriers in the state `~k' in a small region
surrounding ~r. This distribution function around ~r can be modied by the diu-
sion of carriers by scattering from one state to another. The total rate of change
of the distribution function can thus be given as a sum of these changes which
must be equal to zero when the system is in a steady state. Thus we have,
  ~vk  @fk
@~r
  e
~
(E +
1
c
vklH)
@fk
@k
=  @fk
@t
(3.5)
If deviations of fk from equilibrium are small one can approximate the above
equation into a linearized Boltzmann equation, which is the form used in practice,
as,
  ~vk  @f
0
k
@T
rT   ~vk  e@f
0
k
@k
~E =
Z
(fk   f 0k )  (fk0   f 0k0)=k
0
k dk
0 (3.6)
This is a linear integral for the function fk   f0, i.e the dierence in the non-
equilibrium and equilibrium carrier distributions. The solution of such an equa-
tion must be linear in E andrT . Thus, the transport currents are linear functions
of gradient of temperature and electric eld, i.e,
jel = (LEE)E + (LET )rT (3.7)
jth = (LTE)E + (LTT )rT (3.8)
where, LEE, LEE, LET , LTE, LTT are the transport coecients. In experi-
ments, we do not measure these coecients but we measure quantities like the
thermal/electric conductivity that is related to the temperature gradient/electric
eld and the thermal/electric current by the Fourier's/Ohm's laws. Therefore
putting rT = 0 in equation 3.7 gives,
jel = (LEE)E (3.9)
jth = (LTE)E (3.10)
We thus have from the Ohm's law (iel = E), LEE = . Similarly, by putting
iel = 0 and using the Fourier's law we get for the thermal conductivity,
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 =  (LTT   LETLTE
LEE
) (3.11)
The second term is usually small, and we use  =  LTT .
Using these relations and solving the linearized Boltzmann equation one can
derive an expression for  with k-dependent quantities similar to equation 3.4 as,
 =
Z
BZ
ckvklkdk (3.12)
where the integration runs over the entire Brillouin Zone (BZ). If we consider
k as the scattering rate, and vk as the velocity of excitations corresponding to
the mean free path lk (= k vk), one can rewrite the above expression as,
 =
Z
BZ
ckv
2
kkdk (3.13)
We shall use this expression for analyzing our experimental quantities in this
work. Also, expressions based on equation 3.12 for one- and two-dimensional
Heisenberg systems will be discussed in the following sections which we use to
extract the mean free path of magnetic excitations that transport heat.
3.3 Phonons
The Einstein model [118], based on Planck's quantum conjecture, assumed a solid
containing N ions to be composed of 3N one-dimensional oscillators considering
independently vibrating atoms with frequency !. The energy of these oscillators
were quantized as,
E = (n+
1
2
)~! (3.14)
Later the Debye model [119] revised this idea by describing the lattice vibrations
as a system of coupled oscillators and the solid to be vibrating as a whole in the
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form of normal modes. These semi-classical models were introduced mainly to
explain the behavior of specic heat in solids as a function of temperature.
Upon solving the classical equations of motion for vibrations on a lattice one
sees that the general motion of N ions can be represented as a superposition of
3N normal modes of vibration with dierent characteristic frequencies that are
quantized for each mode. Each mode is a travelling wave and can be expressed
as,
us = u exp i(kna  !t) (3.15)
Each normal mode can have only a discrete set of energies and the total energy
is given as,
E =
X
ks
(nks +
1
2
)~!s(k) (3.16)
where, one can either say that nsk is the excitation number of the normal mode
of branch `s' with wave vector ~k, or that there are nsk phonons of type `s' having
wave vector ~k.
For a three dimensional lattice with a basis, for each value of the wave vector
~k there are 3p normal modes, p being the number of ions in the basis. The fre-
quencies !s(k) are functions of ~k, with the periodicity of the reciprocal lattice.
We thus get a dispersion relation that relates every point in k-space to a partic-
ular frequency !(k). Here, three of the 3p branches are called acoustic branches,
and the 3(p-1) branches are called optical branches. Acoustic modes have van-
ishing frequency in the long wavelength limit. Experimentally, one can map the
dispersion relation in detail using neutrons, by measuring energy lost/gained by
neutrons reected o a sample as a function of angle due to interaction with
phonons within the sample.
Lattice vibrations when approached classically using the harmonic approxima-
tion are unable to explain many experimentally observed properties like nite
thermal conductivity. Thermal conductivity, in the harmonic approximation,
must be innite as there is no way to relax the heat current. However, in real
systems the thermal conductivity is rendered nite due to:
1. Most importantly, scattering between phonons due to anharmonicity of the
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Figure 3.1: Scattering of phonons represented by addition of their k vectors in reciprocal
space.
hamiltonian of the phonon states will cause decay of thermal current with
time.
2. Lattice imperfections or impurities act as scattering centers for phonons.
3. Even in a perfectly pure crystal boundary scattering at the sample surface
will limit conduction.
To realize thermal energy transport, one can consider localized wavepackets.
As a single normal mode with wave vector ~k involves the motion of ions through-
out the crystal, by superposing states of a crystal, in each of which a normal
mode with wavevector in an interval k is excited. One can thus construct
localized phonon-like disturbances/wavepackets travelling with a group velocity
vs = @!s(k)=@k.
Anharmonic terms can be treated perturbatively. Cubic terms that are re-
sponsible for anharmonicity cause transitions wherein a phonon from branch 's'
with ~ks decays into two phonons with ~k0s0 and ~k
00
s00 , or two phonons merge to
form one phonon. The probability of higher order transitions involving more
than three phonons exponentially decreases with decreasing temperature. For
transitions/collisions to occur, energy and momentum must be conserved, i.e,
~!s(k)nk;s = ~!0s(k0)n0k0;s0 (3.17)
~knk;s = ~k0n0k0;s0 + ~G (3.18)
Phonon scattering processes are of two types: Normal processes and Umklapp
processes. In normal processes before and after the collisions the crystal momen-
tum remains the same, but in umklapp processes [120] it diers by a reciprocal
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lattice vector ~G. Two phonons with wave vector ~k1 and ~k2 can interact to give
phonon ~k3, but this is only valid if ~k3 remains inside the rst Brillouin-zone (BZ).
Such a process is called a normal process. As the momentum of phonons is con-
served in such a process, it does not aect heat conduction, thereby is not a
resistive process [115]. But, if ~k1 and ~k2 are both greater than one fourth of the
reciprocal lattice vector ~G then ~k3 will lie outside the rst BZ. The periodicity of
the reciprocal lattice now results in ~k3 being represented in the rst BZ reversed
as ~k3   ~G. This reversal of momentum results in lowering of thermal conduc-
tion and thereby such umklapp processes are resistive scattering processes. The
scattering processes described above are illustrated schematically in Fig. 3.1.
Fig. 3.2(a) shows an typical example curve for a purely phononic system. The
T -dependence of such a phononic thermal conductivity can be described qualita-
tively by considering the expression for  in equation 3.12. At low temperatures
few phonons are excited and they interact via normal processes as they have
small ~k near the center of the BZ. Here, we expect the T -dependence of  to
be dominated by the T 3-like increase of the specic heat ck. At higher tempera-
tures this increase saturates into a peak. The magnitude of the peak in the heat
conductivity curve is decided by the T -independent scattering of phonons with
defects/impurities and sample boundaries. At higher T , we expect phonons with
large ~k to interact via umklapp processes and eventually lead to a decrease of .
If n is the average density of phonons then,
hni  1
exp (~!=kBT )  1 (3.19)
The mean free path l is inversely proportional to the phonon density n. Umk-
lapp processes require that the interacting phonons have a wavevector of at least
~G/4, which means that their energies are  kBD=2, D is associated with the
maximum value of ~k, i.e ~G=2. In equation 3.19, for small T we have,
hni  exp (~!=kBT )  1 (3.20)
considering ! = kBD=2 we get,
hni  exp ( D=2T )  1 (3.21)
Thus we have,
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(a) (b)
Figure 3.2: (a) Thermal conductivity of Al2O3 showing typical temperature dependencies,
the red solid line is a Callaway t to the measured conductivity (taken from [121]) (b)
Thermal conductivity of dierent quartz samples that vary in purity from each other due
to dierent irradiation times; curves 1, 2 and 3 are of samples in the decreasing order of
purity between the purest quartz crystal curve, and the least pure quartz glass curve (taken
from [122]).
 / T
3
3D
expD=2T (3.22)
i.e,  drops strongly with increasing T in this regime. For larger T , above D,
we can approximate n  T , and we also see the specic heat becoming constant.
Thus, in this temperature regime one expects,  / 1=T .
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3.3.1 Callaway model
Callaway [123{125] devised a phenomenological model based on the Boltzmann
equation that takes into account the dierent resistive processes involved in de-
termining the thermal conduction of a solid. In the Debye approximation with
k-independent particle velocity v, the expression is,
 =
kB
22v
(kBT )
3
~3
Z D=T
0
c
x4ex
(ex   1)2dx: (3.23)
c is the combined scattering rate of individual contributions summed up using
the Matthiessen's rule [126] as,
 1c = 
 1
B + 
 1
D + 
 1
N + 
 1
U (3.24)
This rule assumes that the functional independence of each scattering rate
from another, which might be true in general, but can be considered so if each
scattering process has a dierent temperature regime of dominance, where other
processes are inactive. Scattering rates could be frequency dependent and thus
can eect the frequency dependent distribution function of phonons. The term
 1B that accounts for scattering at sample boundaries is dominant at low tem-
peratures and is given as,
 1B =
v
L
(3.25)
where L is the sample length. The second term,  1D is a frequency dependent
term that describes scattering of phonons o point defects and is given as,
 1D = A!
4 (3.26)
A being a free parameter. The third and fourth terms signify the phonons
scattering amongst themselves via normal and umklapp processes respectively.
Although, normal processes are not thermally resistive, but can be responsible for
generating umklapp processes indirectly. However, as their relevance is restricted
to a small temperature range near the peak of thermal conductivity and as their
eect is small we neglect this term. For umklapp process we have,
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Figure 3.3: Thermal conductivity of a series of LiF compounds,(a) with varying concen-
trations of the Li6 isotope. (b) having dierent sample radii (taken from [128]).
 1U = B!
T e D=kBT (3.27)
Empirically,  may be xed to 2,  may vary from 1 to 5 depending upon
the type of phonons and the crystal symmetry. This is discussed in detail in
[125, 127].
At low T , the Callaway model is known to describe experimental data for
purely phononic systems very well. As this is a phenomenological model, physical
interpretations of the parameters involved are not rigourous. Moreover, the model
lies in the Debye approximation regime where phonon density and phonon velocity
are not accurately described for high frequency, phonon polarization is ignored,
Matthiessen's rule might not be strictly applicable, and is an approximation for
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low temperatures. Thus, the interpretation of the description of experimental
results by the model must not be forced.
3.3.2 Experimental examples
Fig. 3.2(a) shows the thermal conductivity of Al2O3, a typical phononic conductor
[121]. The low temperature rise follows a T3 law corresponding to the temperature
dependence of the specic heat. A peak with a magnitude decided by boundary
and impurity scattering is followed by a 1=T decrease induced by umklapp like
collisions among phonons.
In order to see how increasing concentration of defects/impurities aects the
conduction by phonons, thermal conductivity of LiF crystals having dierent
concentrations of the isotope Li6 is shown in Fig. 3.3(a) [128]. With increas-
ing concentrations of this isotope one sees a monotonic decrease in the thermal
conductivity. Isotope Li6 acts as structural defects in the array of Li7 ions and
thereby enhances the scattering of phonons. As the concentration of Li6 is very
small in the crystals, the only change seen in the conductivity curves is the reduc-
tion in the values of thermal conductivity in the temperature regime where the
peak occurs, indicating that this is the regime where the thermal conductivity
is most sensitive to defect/impurities. Fig. 3.2(b) plots the thermal conductivity
of quartz and its impure versions having high defect density due to irradiation
[122]. The impure versions show a drastic decrease in conductivity owing to very
strong phonon-defect scattering.
To see the eect of sample boundary scattering, thermal conductivity of cylin-
drical LiF samples with increasing radii are plotted in Fig. 3.3(b) [128]. Increasing
the radius of the sample gradually enhances the thermal conductivity at low tem-
peratures and the peak itself. This indicates the importance of phonon-boundary
scattering in deciding the magnitude of conduction in solids.
3.4 Magnetic excitations
Heat transport in solids can also occur via dispersive magnetic excitations. First
evidence of such heat transport was found in the ordered two and three dimen-
sional ferromagnets like CuCl2(CH3NH3Cl)2 [129] and Yttrium Iron Garnet(YIG)
[130{133] respectively, and was described to be due to classical spin waves using
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the spin wave theory [129, 134, 135]. Later on, many other compounds includ-
ing a vast number of cuprates like the 1D antiferromagnet KCuF3 [136, 137],
the ladder compound (Sr,Ca,La)14Cu24O41 [17], other quasi 1D antiferromagnets
SrCuO2 and Sr2CuO3 [6, 8, 9], 2D Heisenberg antiferromagnet La2CuO4 [12, 15],
etc. have shown large contribution to the heat conduction due to excitations of the
corresponding spin system, much greater than the contribution from the phonons
in these compounds. In spite of no long range order in such low-dimensional
quantum magnets the nature of excitations is such that it allows for ecient heat
transport even in the disordered state, as opposed to classical ordered ferromag-
nets like YIG. In the following section we shall briey discuss the theoretical
background of models that are used to quantitatively analyze the experimentally
obtained magnetic thermal conductivity.
3.4.1 1D
Boltzmann-type approach
As a semi-classical treatment of heat transport due to magnetic excitations one
could use the Boltzmann approach, introduced in section 3.2, to relate the ther-
mal conductivity to the mean free path of the excitations. One can use equa-
tion 3.12. The specic heat cmag depends on the energy and the occupation
function nk of the quasiparticles depending on the statistics that applies. Due to
high values of the Debye temperature for magnetic excitations in compounds like
La2CuO4, SrCuO2 and Sr2CuO3, only small ~k modes are excited at temperatures
. 300K, thus being in the linear regime of the spin excitation spectrum. Thus,
as an approximation at these temperatures, one can treat the mean free path of
excitations as momentum independent.
In one dimension, excitations are gapless for S = 1
2
Heisenberg spin systems.
Thus, the ~k-states can be integrated over the entire Brillouin zone continuously.
Also, the fundamental excitations can be described in terms of S = 1
2
spinons,
thus, one can apply the Fermi-Dirac statistics and write the specic heat as,
cmag =
2ns

Z =2a
0
d
dT
1
(exp("k=kBT + 1)
"kdk: (3.28)
where, ns is the number of spin chains per unit area. The group velocity vk can
be given as the slope of the dispersion relation as, vk = (1=~)(d"k=dk).
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Figure 3.4: Left: the real part of conductivity Lij(!) as a function of frequency is sketched.
Right: This shows current j as a function of time for the case when transport is ballistic
(taken from [138])
Thus, we get an expression for mag as,
mag =
2nsk
2
BT
~
lmag
Z J=2kBT
0
x2 exp(x)
(exp(x) + 1)2
dx: (3.29)
where, x = "k=kBT , and lmag is approximated to be independent of energy.
The value of this integral is temperature independent at low T , and equal to
2=6. Thus, for low T we get an approximate expression for mag that matches
exactly with the low-T approximation obtained by the Drude weight approach
that is described in the following section,
mag =
nsk
2
BT
3~
lmag(T ) (3.30)
lmag can be now extracted from the experimentally obtained mag.
Drude weight approach
Spinon heat conductivity and mean free path can also be approached via the
denition of Drude weight. The brief discussion made below is based on detailed
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derivations and theory that can be found in [22, 23, 33, 138, 139]. The transport
coecients are related to experimentally measured quantities like the heat con-
ductivity according to the relations discussed in section 3.2. These coecients
are complex functions of the frequency ! and depend on the current-current cor-
relation functions as,
Lij(!)  f(!;< ji; jj(t) >) (3.31)
where, < ji; jj(t) > is the current-current correlation function. The real part
of Lij(!) can be decomposed into a -function at ! = 0 with a weight Dij and a
regular part Lregij (!) as,
Re(Lij(!)) = Dij(!) + L
reg
ij (!) (3.32)
The coecients Dij are linear combinations of spin and thermal Drude weights,
Ds and Dth respectively. For thermal conductivity in zero magnetic eld, the
coecient D22 corresponding to the transport coecient L22 (which in turn is
equal to the thermal conductivity mag), equals Dth, and mag can be written as,
Re[mag(!)] = Dth(!) + 
reg
mag(!; T ) (3.33)
This is how the Drude weight is dened [27, 28, 33, 38, 139]. The real part of
conductivity Lij(!) as a function of frequency and the current as a function of
time are plotted in Fig. 3.4.
Transport in 1D systems is called ballistic if the respective Drude weight is
nite. The Drude weight measures the part of the current that does not decay
with time. For integrable models like the S = 1
2
XXZ chain (see section 3.4.1),
the Hamiltonian (H) commutes with the current operator, i.e the energy-current
operator is exactly conserved [23, 140], i.e,
[H^; jth] = 0 (3.34)
Therefore, theory predicts anomalous heat transport properties, like its diver-
gence [139]. Integrability of a model may be dened as the model being solvable
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Figure 3.5: Thermal Drude weight (Dth) of the S =
1
2 XXZ chain model to illustrate
the linearity at low temperatures (taken from [33]).
by the Bethe ansatz [138]. Other models like the spin-ladder, S = 1 chain, frus-
trated chain or the 2D Heisenberg antiferromagnet are not integrable, and hence
an innite conductivity is not expected from theory [138].
The Drude weight (Dth) of an XXZ-model (see section 3.4.1) was calculated
by Klumper and Sakai [33], and is plotted in Fig. 3.5. At low temperature
(kBT  0:15 J) approximation Dth can be approximated as a linear function
of temperature,
Dth =
(kB)
2
3~
vT (3.35)
where v is the spinon velocity and kB is the Boltzmann constant.
For real materials with Heisenberg chains, the thermal conductivity broadens
to a Lorentzian of width 1/ due to extrinsic scattering. Thus we get,
mag(T )  Dth (T )

(3.36)
As the Drude weight is linear, mag is expected to have a T -dependence governed
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by that of the scattering rate  1(T ). Here, the energy dependence of (T ) is
neglected. As the low-T approximation for Dth is known, it can be utilized
to estimate the extrinsic scattering rate ( 1) and hence the mean free path
(assuming the relation lmag = v). Thus, as a relation between the thermal
conductivity and the mean free path we have,
lmag =
3~
Nsk2BT
mag (3.37)
where Ns is the number of spin chains per unit area. However, as the scattering
rates and the mean free paths are not modelled rigourously up till now, such an
approach is still considered to be phenomenological. For higher temperatures
(kBT > 0:15 J), however, the T -dependence of the Drude weight needs to be
considered explicitly.
Mean free path analysis
In 1D, although no rigorous model exists for describing the scattering processes
involving magnetic excitations and phonons, one can gain some information by
trying to describe the magnitude and temperature dependence of the mean free
paths of these magnetic excitations by phenomenologically modelling the scatter-
ing processes. Such a model has been used and discussed earlier in the literature
and seems to work surprisingly well when in comes to describing the temperature
dependence of the mean free path of magnetic excitations below 300 K [8{10, 141].
However, this model treats the mean free path empirically, and physical interpre-
tation of the modelling must not be forced.
The temperature dependence of lmag can be attempted to be modelled as a
combination of two scattering processes. Phonons and boundaries are the main
scatterers that dictate the behavior of lmag at low temperatures. At low-T , bound-
ary scattering is the dominant process and at higher temperatures where phonon
density is signicant, spinon-phonon scattering dominates. Matthiessen's rule
can be used to sum the scattering rates of these two processes and we can write,
l 1mag = l
 1
s b + l
 1
s p (3.38)
ls b is a constant and determines the low-T limit of lmag due to boundary
scattering, and ls p depends on exponential activation of phonon density and can
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be described as a general umklapp process with a characteristic energy scale kBT

u
of the order of the Debye energy. Thus we have,
l 1mag = l
 1
0 +
AsT
exp (T u=T )
(3.39)
where, l0, As and T

u are free parameters.
3.4.2 2D
Low temperature
A Boltzmann-like semi-classical approach based on the equation 3.12, as in the
above section, leads to an expression for mag in 2D. Here, the excitations are
described by bosonic quasiparticles called magnons. Also, in the 2D Heisenberg
antiferromagnet La2CuO4, the spin dispersion relation consists of two magnon
branches with gaps i as the energy to excite the singlet state (1=kB = 26K and
2=kB = 58K). For a three dimensional ensemble of planes one has mag =
2
c
ii,
where i is the thermal conductivity of a single magnon branch.
The specic heat cmag for such excitations can analytically be given as,
cmag =
d
dT
"k
exp ("k=kBT )  1 (3.40)
and at low temperatures, the magnon dispersion relation in the Debye approx-
imation is,
"k =
q
2i + (~v0k)2 (3.41)
where v0 is the spin wave velocity, v0 = 1:287 105 m/s.
From these equations, one can write an expression for the thermal conductivity
for the two magnon branches together as,
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Figure 3.6: Magnetic specic heat cmag/kB of a S =
1
2 Heisenberg antiferromagnet
calculate using a high temperature series expansion, reproduced from [13].
mag =
v0kBlmag
2a2c
T 2
2M
X
i=1;2
Z xmax
x0;i
x2
q
x2   x20;i
ex
(ex   1)2dx; (3.42)
Here, the integral is dimensionless, and x0;i = i=(kBT ) and xmax = M=T . Zc
= 1.18 is the quantum renormalization factor for s=1/2 spins. M =
p
2ZcJ is
the Debye temperature for magnons. The temperature dependence of the integral
arises from x0;i = i=kBT and xmax. The T -dependence of mag for temperatures
T & i should roughly be mag / T 2, as the integral is only weakly T -dependent
in this T range.
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High temperature
The specic heat ck can be calculated using a Debye-like approach, assuming
a linear dependence of energy (") on momentum (k) for low temperatures, as
described by equation 3.41 in the previous section. However, for higher temper-
atures such an approach is questionable because the "(k) curve deviates from
linearity for higher energies. Therefore, for higher temperatures the theoretically
calculated specic heat using the high-T series expansion for a 2D Heisenberg
square lattice can been used [13]. The result of these calculations is shown in
g. 3.6. However, we assume that the velocity of the excitations is momentum
independent.
Thus, equation 3.13 can be written as,
mag =
1
2
lmagvmagcmag (3.43)
where, cmag is the magnetic specic heat, vmag = 1.163  105 m/s, is the spin
wave velocity [142], and lmag (=vmag ) is the magnon mean free path. Here, 
is assumed to be !-independent. Using the theoretical result shown in g. 3.6
for cmag, and the experimentally obtained mag, one can easily extract lmag from
equation 7.4.
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4.1 Thermal Conductivity: The Steady State
Method
Thermal conductivity has been measured using the conventional steady state
method at temperatures from 7 K to 350 K. Aspects regarding the principle and
the experimental setup are dealt with in brief here, and details regarding the
functionality and construction of the measurement probe can be found in [112].
4.1.1 Principle and technique
The measurement of thermal conductivity is based on the empirical relationship
between the heat conduction in a material and the temperature gradient in the
direction of heat ow as postulated by Fourier [116]. It states that the heat ux
in a material is proportional to the temperature gradient (see section 3.1), i.e,
jq =  (rT )x: (4.1)
In the actual experiment, a schematic and a real image of which are shown in
Fig. 4.1, the sample whose thermal conductivity is to be measured is xed on a
sample holder. The sample holder acts as a heat bath at constant temperature
T1. Then a temperature gradient is established along the length of the sample
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by means of a heater on top of the sample. The heater acts as another heat bath
at a constant temperature T2. Thus, a constant gradient of T1   T2 exists in the
sample once a steady state is reached. If we assume that all the heat produced
in the heater is dissipated only through the sample, the power produced in the
heater will be equal to the heat owing through the sample. By measuring the
current1 through the heater (Ih) and the voltage
2 across it (Uh), one can calculate
the heat current density (jq) as,
jq =
Ph
A
=
UhIh
A
: (4.2)
The temperature gradient in the sample (rT ) that allows for the heat ow in
the sample is measured by means of a thermocouple in terms of a voltage. Two
ends of the thermocouple are glued to the sample at a distance of l from each
other. First the background thermal voltage (U offth ) is determined with the heater
switched o, and later the thermal voltage with the heater switched on is mea-
sured3 (U onth ). The dierence between these signals gives the pure thermal voltage.
The thermal gradient can now be calculated from calibrated thermopower values
(Sth) as,
(rT )x = Tx
l
=
Uth
Sthl
: (4.3)
By combining equation 4.1 and equation 4.2 we get the thermal conductivity 
at a particular temperature T as,
 =
 jq(rT )x
 = UhIhSthLAUth : (4.4)
The temperature T at which  is calculated is taken as the temperature ap-
proximately at the center of the sample and is given as,
T = T0 + (d+
L
2
)(rT )x; (4.5)
where d is the distance from the nearest thermocouple contact to the heat bath.
1Established using Keithley 2400/224/238 multimeter
2measured using Keithley 2000 multimeter
3measured using Keithley 2182/182 nanovoltmeter
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Figure 4.1: Right: A schematic of the steady state thermal conductivity measurement
technique; Left: An image of the real experimental setup.
4.1.2 Experimental setup
The thermal conductivity can be measured from room temperature down to liq-
uid helium temperature using a setup that is illustrated in Fig. 4.2. Detailed
descriptions of the setup can be found elsewhere [112]. The probe has a structure
made of four stainless steel capillaries though which wire connections pass, at the
bottom of which the sample holder is xed. The sample is xed by means of Ge
varnish4 or Super glue5 onto the base of the holder. Other than providing good
thermal contact, the insulating super glue tends to provide a rm mechanical
hold of the sample onto the base, which is crucial for a successful measurement.
Also, it dries faster, reaching its maximum rigidity in few minutes, thus being
benecial for samples that are air sensitive. A brass stage which is directly in
contact with liquid helium provides the main thermal link. To avoid radiation
losses of the heat that is supplied to the sample during measurement, the probe
is rst evacuated down to pressures of around 10 6 mbar and then is inserted
into liquid helium. The sample holder is enclosed by a resistive heater cup made
of copper6 that is used to heat it up. The temperature of the sample holder is
4General Electric IMI 7031 Insulating Varnish
5Uhu Sekundenkleber
6R  50
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Figure 4.2: A schematic of the probe and sample chamber, reproduced from [59].
measured and controlled using a temperature controller7 and a sensor8 xed at
the base of it. This allows to achieve temperature stability of around  30 mK
at high temperatures near 300 K and around  1 mK at lowest temperatures.
After inserting the probe in He, cryogenic vacuum is maintained inside the probe
and no external pumping is required. In order to supply heat to the sample a
cuboidal chip heater with resistance of around 3 K
 is glued on the sample and
connected to the pins on the sample holder using Manganin9 wires. Manganin,
with its high thermal resistance thermally isolates the heater from the sample
holder. The thermocouples are made of Au0:93Fe0:07 and Chromel-P(FN) wires,
that possess signicant thermopower down to the lowest temperatures.
7Lakeshore340
8Lakeshore-CernoxTM
9Alloy: 86% Cu, 12% Mn, 2% Ni
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4.1.3 Errors
The primary source of error in these experiments mainly stems from errors in
measurement of geometry of the setup, and errors due to heat losses. These
errors have been taken into account while analyzing and interpreting the mea-
surements. The determination of  necessitates the estimation of the dimensions
of the sample and the distance between the thermocouple contacts. These are
measured using an optical microscope10, a digital camera11 attached to it, and a
software12 that helps to digitally measure distances on an image. These temper-
ature independent errors amount to a total of around 10%. Our assumption that
the entire heat produced by the heater passes though the sample gives rise to an
error as conductive, convective and radiative losses are inevitable. As the setup
consists of the leads of the heater and the thermocouple connecting the sample
to the heat bath, conductive heat losses are present. Convective heat losses, via
gas molecules, in case of poor vacuum and radiative losses at higher temperatures
have to be taken into account. Long, thin wires are used and a good vacuum is
ensured to minimize errors due to convective and conductive heat losses. Correc-
tions for radiative heat losses to the measured thermal conductivity have been
discussed in detail elsewhere [112], although these errors can be minimized by us-
ing samples of smaller length and larger cross-sections. Another source of error,
which is less than 5%, comes from the uncertainty in calibration of the ther-
mocouple. Other errors due to electrical measurements (<1%) made by rather
accurate instruments like nano-voltmeters and current sources can be considered
as negligible.
4.2 Thermal Conductivity: The Dynamic
Flash Method
Dynamic ash method is used for measuring thermal conductivity at high tem-
peratures up to  800 K, but is limited to temperatures above  160 K due
to the limit of the detector sensitivity. These measurements have been done on
the LFA 457 MicroFlash setup by NETZSCH. In the Dynamic Flash Method the
front face of a cylindrically shaped sample is uniformly heated using an unfo-
cused laser pulse. The temperature increase on the rear surface as a function of
10Leica MZ8
11Leica Microsystems Inc. DFC280
12Leica Image Manager IM50
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T = 300 K
Figure 4.3: A schematic illustrating the measurement principle of the dynamic ash
method, and a plot of a typical signal (temperature as a function of time) measured by
the detector for La2CuO4 at 300 K.
time is measured (see Fig. 4.3 as an example). The mathematical analysis of this
temperature/time function allows the determination of the thermal diusivity ,
from which the  can be calculated by knowing specic heat Cp as a function of
temperature and density , using the equation,
(T ) =   Cp(T )  (T ): (4.6)
The specic heat data was taken from [143], and the density was  = 7.05
g/cm3. The primary errors in the LFA 457 MicroFlash setup arise from the
determination of thickness of the sample, this being  3%, and due the detector
sensitivity, which is  5%. A detailed account of the measurement principle and
the setup can be found in [144].
4.3 Magnetic susceptibility
Magnetic susceptibility measurements were done using a 7T VSM-SQUID and a
5T MPMS-SQUID from Quantum Design. These devices employ the supercon-
ducting quantum interference device (SQUID) which is an extremely sensitive
detector of magnetic ux. The SQUID sensor is inductively connected to the
44
4.4. Diraction experiments and analysis
sample via detection coils and it measures the magnetic moment of the sample
when the sample is moved through these coils. A superconducting magnet is used
to generate large magnetic elds up to 9T. The sensitivity of the SQUID is linked
to the measurement of changes in magnetic eld related to one ux quantum. On
applying a constant biasing current in the SQUID, the measured voltage oscillates
with change in the magnetic ux. Counting the oscillations allows evaluating the
ux change which has occurred. For details about the measurement setup and
the method one can refer [145].
4.4 Diraction experiments and analysis
Powder x-ray diraction was carried out using a STOE diractometer (trans-
mission geometry) with Molybdenum (K 0.709 A) and Copper (K 1.5406 A)
x-ray sources. The diractometer is equipped with a curved Ge(111) monochro-
mator and 6-linear position sensitive detector. Rietveld [146] renement was
carried out using FullProf in the WinPlotR program package [147]. For rene-
ments a Thompson-Cox-Hastings pseudo-voigt peak prole function [148] was
chosen. The parameters rened were the background, scale factor, zero position,
lattice parameters, asymmetries and the atomic positions. Single crystal x-ray
diraction at room temperature was performed using the Bruker AXS Kappa
APEX II CCD four-circle single crystal diractometer with a Mo K source to
probe crystallinity and to determine important parameters regarding the crystal
structure. The Bragg reections were integrated by EVAL-1437 [149]. Multi-scan
and numerical absorption corrections with SADABS 3.8 [150] have led to similar
results. Each time the spacegroup was determined by Xprep [151] and checked by
PLATON 4.0 [152]. Preliminary structural analysis using the method mentioned
in [153] (SIR2004), and the structure was then rened in detail using SHELX97
algorithm [151] in the APEX II or WinGX program.
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5.1 La2CuO4
5.1.1 Crystal structure and magnetism
La2CuO4 is a prototype material that realizes the two dimensional S =
1
2
Heisen-
berg antiferromagnet on a square lattice [64], a very interesting and simplied
object from the physical point of view. It is a parent compound for a whole range
of high Tc superconductors that are obtained upon doping the pure material with
charge carriers [64].
Fig. 5.1 shows the unit cell of La2CuO4, where Cu and O atoms form layers
along the crystallographic ab-plane. In between two such CuO2 layers, two LaO
sheets are located. The O atoms belonging to the LaO planes that are placed
either directly above or below a copper atom result in the formation of a CuO6-
octahedron. La2CuO4 can exist as two dierent structural phases. Above T =
530 K, the tetragonal structural phase in the space group I4=mmm exists (HTT
phase: High Temperature Tetragonal). The lattice parameters for this phase are
a = b = 3.8 A c = 13.2 A [154]. Below 530 K the lattice undergoes a transition
into an orthorhombic structural phase in the space group Bmab (LTO phase: Low
Temperature Orthorhombic). This phase has lattice parameters a = 5.36 A b =
5.41 A and c = 13.14 A [154]. In this phase crystallographic twinning is present,
i.e, the crystal is composed of domains with the a and b axes interchanged.
Within the CuO2 planes a strong in-plane exchange coupling, characterized by
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Figure 5.1: Unit cell of La2CuO4.
J (1550 K) [95, 96], exists between the Cu spins. This coupling, antiferromagnetic
in nature, operates according to the superexchange mechanism (see section 2.2).
Between these planes there exists an inter-plane exchange coupling, J
0
, that is
weak and around 10 5 times J [98, 155]. In the LTO phase the CuO6-octahedrons
slightly tilt away from the ab-plane. This small distortion alters the electronic
environment of the Cu spins, which can be captured by an additional term called
the Dzyaloshinskii-Moriya interaction term in the spin Hamiltonian [98, 101, 102,
155, 156]. This alteration causes the spins to cant out of the ab-plane, and results
in a net spin-moment in the planes that antiferromagnetically couple to moments
in other parallel planes via J
0
. As has been discussed earlier (see section 2.2)
La2CuO4 is a charge-transfer insulator, and for all practical purposes, can be
described well by considering spins interacting on a square-planar lattice within
the framework of the Heisenberg model.
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(a)
(b)
Figure 5.2: (a) The heat conductivity of La2CuO4 as a function of temperature measured
along the ab-plane (ab, lled circles), and perpendicular to these planes (c, open circles)
(taken from [12]); (b) Calculations for the magnetic heat conductivity (mag) of La2CuO4
by Bayracki et al. compared with that obtained experimentally by Hess et al.
5.1.2 Heat transport
La2CuO4 is one of the rst compounds where heat conductivity has been observed
to consist of large contribution from magnetic excitations at room temperature,
in addition to contribution from phonons [12{16]. In spite of experimental ob-
servation of heat transport due to magnetic excitations, the microscopic origin
of this transport channel and the scattering mechanisms responsible for it, is not
understood.
The heat conductivity of La2CuO4 measured parallel (ab) and perpendicular
(c) to the CuO2 planes is shown in Fig. 5.2. ab shows a two-peak structure,
a sharp phononic low-temperature peak at  25 K and a much broader high
temperature peak at  280 K. c, on the other hand, exhibits a low temperature
peak similar to that observed in ab, and a fall-o at higher temperatures like
that of a typical phonon-only conductor. This large anisotropy in the in-plane
and out-of-plane thermal conductivity, characterized by the high-T peak in ab,
is a result of heat conduction due to magnetic excitations propagating in the ab-
plane [12{16]. In the temperature range from 70 K - 158 K, where mag increases,
Hess et. al. proposed that the low temperature increase of the magnetic heat
conductivity can be modelled in the framework of a Boltzmann-like approach
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with a constant mean-free path due to magnon-defect scattering, where mag is
proportional to the square of the temperature (see 3.4.2). However, the pres-
ence of a peak in mag indicates that at higher temperatures, other T -dependent
dissipative scattering mechanisms set in that cause a decrease in the heat con-
ductivity. These mechanisms are poorly understood though, and experimental
and theoretical work is necessary for revealing them.
A qualitative comparison of the experimental data in the literature with the-
ory gives us some more information regarding the involved scattering processes.
Magnetic heat conductivity of La2CuO4 compound was recently calculated by
Bayrakci et al., by taking scattering of magnons with boundaries and other
magnons and using lifetimes of magnons extracted from linewidths that were ex-
perimentally obtained for the iso-structural Rb2MnF4 compound [157, 158]. The
mean free path of magnons (580 A) used in the calculation was taken from [12].
In Fig. 5.2, this calculation is compared with mag obtained from experiments by
Hess et al. We see that the experimental data is limited to temperatures below
350 K. For a comparison with theory at higher temperatures, to validate whether
magnon-magnon scattering processes are indeed solely responsible for the fall-o
of mag or is it that other scattering mechanisms like magnon-phonon scattering
are also relevant, experimental data for higher temperatures is needed.
Previous investigations of the heat conductivity for La2CuO4, had some limi-
tations however. The single crystals which were used for the measurements were
not of very high quality with regard to their purity, as will be evident from the
experimental results presented in this work. Also, the steady-state technique used
to measure heat conductivity in the literature is restricted to temperatures up
to about 300 K, which just allows the peak in ab to be seen. Access to the be-
haviour of heat conductivity at higher temperatures would be necessary to have
information about the T -dependence of the ab fall-o. This information about
the high-T regime, would be of high value when it comes to the understanding of
the scattering mechanisms relevant for magnon heat transport.
5.2 Spin chains: Sr2CuO3 and SrCuO2
Impurities are not always to be seen as undesirable defects that deteriorate phys-
ical properties of materials. On a fundamental level, they can often act as a
valuable probe for understanding physical phenomena. The eect of impurities
included in systems like 1D Heisenberg spin chain has been that of creating dis-
order. Disorder can be responsible for generating randomness in quantities like
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exchange coupling and bond strength. Such randomness has been always inter-
esting from a theoretical point of view and has led to many fascinating results,
thereby revealing interesting physics. Such results have especially been worked
out for strongly correlated S = 1
2
chains owing to the relative ease of calculating in
one dimension. Strong quantum eects that are prominent in lower dimensions.
Randomness leads to an interplay between quantum eects, strong correlations
and the disorder that can be probed using theory and validated using experiment.
Impurities or defects are known to have strong observable eects on the prop-
erties of S = 1
2
chains, some of them being mentioned below. Disorder in spin
chains has theoretically been predicted to have drastic inuence on magnetic
ground states and excitations associated with it, and aect transport and ther-
modynamic properties as well [41{45]. They can destroy or create long range
order in spin systems depending upon the nature of the ground state, or even
drive the system into exotic phases [159{162]. Doping of low-dimensional systems
can give rise to unconventional superconductivity or suppress superconductivity
by localizing charges as well [163]. Also, extra spin degrees of freedom have been
experimentally observed to emerge upon doping impurities into chains, these re-
sults being in consistency with eld-theoretical calculations [46, 47]. Theoretical
treatment of disordered S = 1
2
chains using renormalization group (RG) analysis
has led to the observation of exotic phases, where the interplay of disorder and
quantum eects cause each spin to be paired with an other that could be located
arbitrarily far away in the chain [42, 44, 164, 165]. Low-energy dynamical and
transport properties of these chains have also been theoretically studied using RG,
and have shown that such low-T phase leads to diverging low-energy density of
states. However, recent experiments observe depletion of low-energy states, upon
creating impurity-induced disorder in the system. Also, this phase has been con-
rmed by low-T experiments on materials that realize a random Heisenberg chain
[48, 49]. Thus, an area that can be termed as quantum impurity physics is evi-
dently enough an engaging eld. Substantial work has been done on disordered
spin systems with a view to understanding the eect of randomizing coupling
strengths and signs between spins. However, there are few experimental studies
that investigate how dierent kinds of disorder aect properties of a variety of
spin systems. Dearth of experimental data has prevented validation of theoretical
results obtained for varying amounts of disorder in spin systems. This motivates
the need for more experiments that probe such disorder-related eects on low
dimensional spin systems.
Disorder can be introduced in spin chains by doping atoms of similar ionic size
as the original atoms into the crystal lattice. In this work, two kinds of disorders
are realized. Ni has chemically substituted into the lattice of Sr2CuO3 at the
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site of Cu, thereby introducing a spin S = 1 impurity in the chain. Ca has been
substituted at the Sr site in Sr2CuO3, thereby introducing a spin S = 0 impurity
outside the chain. The systems that have been investigated in this work are the
following. Single crystals of SrCuO2 doped with 1% Ni grown using the TFSZ
method have been studied with NMR and INS to probe the eect of Ni on the
low energy spin excitations. The single chain analog Sr2CuO3, doped with Ni
and Ca, has been studied with regard to heat transport.
5.2.1 Crystal structure
Both SrCuO2 and Sr2CuO3 are considered to be good realizations of S =
1
2
Heisenberg spin chain systems because of the arrangement of spins in the crystal
structure. Cu sites with S = 1
2
spins are arranged so as to form quasi one-
dimensional chains. In the case of SrCuO2 there are two such spin chains running
parallel to each other, and in Sr2CuO3 there is only one such chain. The most
interesting unit from the point of view of magnetism are these chain units that
exhibit unique and interesting quantum behavior.
In SrCuO2, Cu and O atoms form zig-zag chain structures running parallel to
the c-axis. It crystallizes in the Cmcm space group with lattice constants a =
3.56 A, b = 16.32 A and c = 3.92 A [166]. The crystal structure facilitates a 180
overlap between the O and Cu orbitals, thereby, according to the Goodenough-
Kanamori rules [63, 167], gives rise to a strong antiferromagnetic coupling between
neighboring Cu spins via the so-called superexchange mechanism. The coupling
constant J/kB = 2100-2600 K along these chains [168, 169]. The interchain
coupling being much smaller, J/kB = 200-500 K [60, 168]. Three dimensional
ordering is seen at T  2 K, above which temperature strong quantum uctuations
inhibit long range ordering [170, 171].
Sr2CuO3 crystallizes in the Immm space group with lattice constants a =
12.68 A, b = 3.91 A and c = 3.48 A. The structure consists of edge sharing single
chains separated by Sr atoms running parallel to the b-axis [172]. The magnetic
coupling along the chains is J/kB = 2150 K - 3000 K, of similar magnitude as in
SrCuO2 [168, 173, 174]. But the interchain coupling of the well separated chains
is negligibly small, J?/kB  0.02 K. Three dimensional ordering is seen at TN 
5.4 K [175, 176]. These independent spin chains make this material as the best
candidate that realizes the S = 1
2
Heisenberg chain model.
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(a)
(b)
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Figure 5.3: (a) Crystallographic unit cell of SrCuO2 showing the copper-oxygen double
chain structure. (b) Crystallographic unit cell of Sr2CuO3 showing the copper-oxygen single
chain structure.
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Figure 5.4: Spin dispersion relation: The structure factor and the energy transfer are
plotted as a function of the momentum Q for the spin chain compounds SrCuO2 and
Sr2CuO3
5.2.2 Spin excitations
As has been discussed in section 3.4.1, the dispersion of spinons in compounds
like Sr2CuO3 and SrCuO2 is the two-spinon continuum as has been predicted for
S = 1
2
Heisenberg chains. Fig. 5.4 shows the observed dispersion relation for spin
excitations as measured by inelastic neutron scattering for these two compounds
[169, 177]. The observation shows that these spinons are gapless, showing a
continuum of states down to the lowest measured energy.
Another microscopic probe that measures spin dynamics is nuclear magnetic
resonance (NMR). Although this technique measures the dynamics only at fre-
quencies very close to zero one can get valuable information on the low energy
excitations. The plots of the inverse of the spin-lattice relaxation time (1=T1)
versus the temperature for the spin chain compounds Sr2CuO3 [178] and SrCuO2
[179] are shown in Fig. 5.5. 1=T1 is found to be almost constant in the entire
temperature range from 4 K to 300 K. This is consistent with theoretical calcu-
lations for the S = 1
2
antiferromagnetic spin chain [180]. This indicates that the
excitations related to the spin systems are gapless in nature, a result that agrees
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Figure 5.5: T1 relaxation rates for the spin chain compounds Sr2CuO3 [178] and SrCuO2
[179], and that for Sr2CuO3 has been compared with analytic theory developed in [181].
with the neutron measurements and what theory predicts.
5.2.3 Heat transport
Fig. 5.6 shows the heat conductivity measured parallel (k: lled circles) and
perpendicular (?: open circles) to the spin chains of the undoped compounds
SrCuO2 and Sr2CuO3. A large anisotropy in the measured heat conductivity is
immediately obvious, with k along the chains being much larger than ? per-
pendicular to the chains over the entire temperature range. ? (T ) shows a sharp
peak at low temperatures and falls o rather quickly at higher temperatures, a
T -dependence characteristic of a purely phononic system. The heat conductivity
perpendicular to the spin chains must be purely phononic because spinons pos-
sess dispersion only parallel to the chains. ? (T ) shows a much broader peak
at low T and falls o much slower than c (T ) at higher temperatures, untypical
of phonon-only systems. Although the observed anisotropy in SrCuO2 is much
larger than that in Sr2CuO3, it is signicant in both cases. Large anisotropy in
the magnitude and temperature dependence of k and ?, anisotropic dependence
of heat conductivity on the purity of the compound, and unconventional temper-
ature dependence of k have led to the well established conclusion that there
is an additional contribution to the heat conduction parallel to the spin chains
due to propagating magnetic excitations [6, 8, 9, 9]. Also, the dierence between
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(a) (b)
Figure 5.6: Thermal conductivity measured parallel and perpendicular to the spin chains
of undoped (a) SrCuO2 and (b) Sr2CuO3.
the two heat conductivities k and ? gives the spinon heat conduction in the
system. This novel channel of heat conduction in these compounds exists in addi-
tion to the conventional channel of heat transport via phonons. It has also been
suggested that to describe the temperature dependence of the mean free path
of these spinons one has to only take into account two scattering mechanisms,
namely a temperature independent spinon-defect scattering and an umklapp-like
temperature dependent spinon-phonon scattering [7, 9]. The temperature range
in which this description seems to be valid for SrCuO2 is rather wide and extends
from lowest temperatures (7 K) to very high temperature (800 K) [144].
SrxCa1 xCuO2
It is interesting to probe the eect of dierent kinds of disorder realized by dif-
ferent kinds of dopants and their position in the crystal lattice. In earlier works,
it has been seen that an o-chain doping can lead to a more subtle eect of
bond disorder than that caused by in-chain dopants. SrCuO2 has been studied
with regard to the eect of substituting Ca for Sr in small amounts [32, 50].
As Ca occupies sites outside but near the Cu-O-Cu spin chains, bond disorder,
i.e. a spatial variation of the exchange interaction J , is realized in these chains.
This study resulted in the following observations. Firstly, an o-chain impurity
like Ca causing bond disorder in the spin chains, strongly suppresses spinon-heat
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Figure 5.7: (a) Heat conductivity of SrxCa1 xCuO2 for x = 0.0125, 0.025, 0.05 and 0.01,
measured parallel to the chains (c), inset: perpendicular to the chains (a). Data taken
from [32]. (b) Spin-lattice relaxation rates in SrxCa1 xCuO2 for x = 0.05, data taken from
[50].
transport. Fig. 5.7(a), shows the heat conductivity measured parallel (c) and
perpendicular (a) to the chains. A gradual and monotonic suppression of c and
a is seen with increasing amounts of Ca doping. Also, the eect of Ca, viz. a
strong suppression of mag, decreases upon increasing its concentration and seems
to saturate at around 10% Ca. This saturation was proposed to be related with
the disorder-induced long distance decay of the spin-spin correlation [32].
From NMR studies on the Ca-doped SrCuO2, it is seen that Ca-doping opens
a gap in the spin excitation spectrum at low energies. Fig. 5.7(b) shows the
spin-lattice relaxation as a function of temperature. The spin-lattice relaxation
rate is seen to exponentially decrease below  90 K, which marks the onset of a
spin-gap with magnitude   50 K [50].
In the present work, the single chain compound, Sr2CuO3, is chosen mainly
because it contains a single spin chain as opposed to the two weakly interacting
spin chains realized in SrCuO2. Thereby the eect of bond disorder on spinon
transport in a more simplied chain structure that is dierent from the double
chain CuO2 network in SrCuO2 is being probed.
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Figure 5.8: Thermal conductivity of SrCu1 xNixO2 for x = 0.0025, 0.05 and 0.01 mea-
sured parallel to the chains (c) and perpendicular to the chains (a). Data taken from
[58]
SrCu1 xNixO2
The eect of Ni on the heat transport of SrCuO2 has been studied and discussed in
[32]. The observations and conclusions are summarized below. Heat conductivity
of SrCu1 xNixO2 for x = 0.0025, 0.05 and 0.01 measured parallel to the chains
(c) and perpendicular to the chains (a) is shown in Fig. 5.8.
Even the smallest Ni doping (x = 0.0025) was seen to have a drastic eect
on the thermal conductivity. The broad peak in c at low temperatures for the
undoped compound is strongly suppressed and the maximum is shifted towards
lower temperatures. This is indicative of the suppression of the spinon heat con-
duction. An increase of the Ni doping to x = 0.005 and x = 0.01 leads to a
further reduction of the maximum at low temperatures consistent with a higher
impurity concentration and a small overall reduction of the thermal conductivity
without a change in the shape of the curve with respect to the x = 0.0025. For the
higher doping levels the position of the maximum at low temperatures remains
unchanged. This is consistent with the previous analysis which explained the peak
of the undoped compound as consisting of two contributions, the usual phononic
peak and an additional peak attributed to the magnetic thermal transport [6]. It
is mostly this latter contribution which is suppressed by the Ni doping. A quan-
titative analysis of the heat conductivity in the framework of the kinetic model
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suggested that the temperature and doping dependence of the mean free path
can be described by two scattering processes alone, viz. spinon-defect scattering
and spinon-phonon scattering, and that Ni acts as a strong defect-like scatterer
for spinons [58].
However, perpendicular to the chains a counter-intuitive eect is observed. For
x = 0.0025, an enhancement of the peak in a is seen to a value almost double
that of the undoped compound. a increases even more to a value of  450
Wm 1K 1. for x = 0.05. Finally, for x = 0.01, peak value of the heat conductivity
drops to a value below that for the x = 0.0025 case, but remains higher than
that of the undoped compound. This nonintuitive enhancement of the phononic
heat conductivity, a, upon making the system dirty indicates that there is an
additional scattering mechanism for spinons that is being lifted upon doping
the system (refer [6]). In the current work we investigate the heat transport
properties of SrCuO2 doped with Ni, and also discuss the results of neutron
scattering experiments on Ni-doped Sr2CuO3 in order to throw light on the eect
of Ni on the low energy magnetic excitations in these spin-chain compounds.
5.3 La8Cu7O19
Among low dimensional magnets, the class of spin ladder compounds is of spe-
cial interest as they are invaluable in understanding the physics of the crossover
from one-dimensional to the two-dimensional nature of spin systems. They are
known to show interesting magnetic ground states and even superconductivity
upon charge carrier doping [51]. The dimensionality of the spin system plays
an important role in deciding magnetic ground states. Reduction in dimensional
degrees of freedom enhances eects due the quantum nature of the spin at ex-
perimentally accessible temperatures. Interestingly, these quantum eects lead
to drastic dependencies of magnetic properties on the number of legs of the spin
ladder. For example, gapped and ungapped spin excitation spectra have been
predicted and experimentally veried for spin ladders with even and odd number
of ladder-legs respectively, arising from dierences in ground states [51]. Owing to
their reduced dimensionality, ladder compounds stand as valuable candidates in
verifying theoretical models with experimentally obtained results [3, 182]. How-
ever, experimental realizations of ladder systems are few, especially spin ladders
with number of legs greater than two [52, 53].
About two decades ago, Cava et. al [52] reported the existence of the homolo-
gous series La4+4nCu8+2nO14+8n, whose n = 2 (La2Cu2O5) and n = 3 (La8Cu7O19)
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Figure 5.9: (a) Susceptibility as a function of temperature for La8Cu7O19 compound,
as measured on polycrystals (taken from [52]); (b) Temperature dependencies of reduced
intensity of magnetic scattering for La8Cu7O19 (TN = 103 K) and its comparison with that
of La2CuO4 (taken from [183]).
members, respectively, comprises of 4- and 5-legged S = 1
2
spin ladders. It is
worth mentioning here that the member n = 1 of this series is the mother
compound La2CuO4 of the high-temperature superconductors [64]. There has
not been much progress towards understanding the magnetism of these spin lad-
der compounds as it is challenging to grow them as a single crystal for rea-
sons explained below. Hence, attempts to synthesize such materials are very
much needed. This work deals with the synthesis of the ve-leg ladder material
La8Cu7O19 using the TFSZ method, and further describes in detail the crystal
and magnetic structure of this compound that are indispensable to understand its
properties. Also, magnetic and physical properties of this compound have been
measured and are discussed in some detail.
La8Cu7O19 is known to have a monoclinic structure with a space group C2=c,
and lattice parameters a  13.84A, b  3.756A, c  34.64A, and   98:99. As
per literature, La8Cu7O19 crystallizes in a very narrow temperature range in both
oxygen and ambient atmospheres [52, 184{186]. There have been reports of single
crystal growth of this compound using ux growth techniques [184, 186], but
none using the travelling-solvent oating zone method (TSFZ). The susceptibility
measured on polycrystalline La8Cu7O19 is plotted in Fig. 5.9(a). A broad peak
at around 200 K and a smooth decrease at high temperatures is seen. Cava et al.
speculated the broad peak to arise from the magnetic behavior of the complex
Cu-O planes and highly distorted copper-oxygen geometry that is present in this
compound.
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Figure 5.10: The structure of LaCuO2.
Zobkalo et al. [183] performed polarized neutron scattering in La8Cu7O19. The
temperature dependence of magnetic scattering for La8Cu7O19 and La2CuO4 is
plotted in Fig. 5.9(b). A Neel temperature of 103 K was observed for La8Cu7O19.
Also, the shape of the transition to the ordered state is very dierent from that of
the 2D Heisenberg antiferromagnet La2CuO4. It was claimed that Cu moments
in octahedral sites are oriented along the b-axis and coupled antiferromagnetically
along the c-axis, whereas Cu moments within ribbons are oriented along the a-axis
forming ferromagnetic pairs and coupled antiferromagnetically as one moves along
the a-axis. However, such a description seems ambiguous even if it is assumed
that authors describe the Cu moment coupling within one chemical unit cell. Due
to a large number of atoms in the unit cell, there are several dierent possibilities
that agree with the above mentioned description. Moreover, it does not give any
information regarding the propagation along the a-axis for the former type of
moments, and similarly, no information on the c-axis coupling for the latter one.
Also, no information on the coupling along the b-axis is given. It suggests even
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the interpretation that both sub-systems propagate with dierent propagation
vectors. Therefore, the single crystals of La8Cu7O19 grown in this work have also
been used for reinvestigating the magnetic structure of La8Cu7O19 in more detail
to provide more information and verify the above claim.
5.4 LaCuO2
The structure of delafossites with general formula A3+B1+O2 consists of edge shar-
ing A3+O6 octahedra that form triangular oxygen planes. Between two oxygen
planes lies a plane of B1+ cations that are linearly coordinated with oxygen atoms
[187, 188]. Thus, LaCuO2 has a layered structure, with triangular lattice planes
consisting of O-Cu-O sticks and LaO6 octahedra [188]. An illustration of the
crystal structure is given in Fig. 5.10. Delafossites like LaCuO2 and YCuO2 have
been studied with regard to intercalation of oxygen, thereby introducing holes,
with a view towards understanding magnetism and superconductivity in cuprates
[187]. They have also been studied from the photoelectrochemistry perspective
as they show interesting luminescence properties [189, 190]. In the delafossite
LaCuO2, Cu
1+ is in the 3d10 conguration, and hence is diamagnetic. Doping
oxygen in these systems reduces resistivity but does not give rise to metallicity
even at the highest possible oxygen contents [187]. However, the valency of Cu
increases upon doping oxygen and thereby introduces a magnetic character in
the material. Not many studies have been undertaken on this material in this
regard, as single crystals are required for accurate studies of magnetism and most
of the physical properties. Earlier, only polycrystals of LaCuO2 have been syn-
thesized starting with stoichiometric mixtures of La2O3 and Cu2O and ring at
high temperatures in a N2 or Ar atmosphere, or under vacuum at high pressures
[187{190]. In this work LaCuO2 has been synthesized as single crystals for the
rst time using a method involving the reduction of La2Cu2O5, and its details
have been discussed in section 6.3.4.
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Single crystal growth
High quality single crystals are indispensable when it comes to studying the
anisotropic properties of materials. Measuring physical properties and studying
the eect of external perturbations like electric or magnetic elds, temperature
gradients on single crystalline materials can yield a great deal of information on
intrinsic response of condensed matter systems in general. When it comes to
growing such single crystals, one has to carefully choose a suitable technique de-
pending upon the constituents of the desired material and upon what application
is the material needed for.
In our work we deal with compounds that melt incongruently, i.e compounds
that, above a certain temperature, called the peritectic temperature, decompose
into a mixture of a new solid and a liquid. Thus, we would prefer a method
that makes this class of compounds easy to grow. Being particularly interested
in the eects of chemical disorder, we intend to make chemical substitutions in
very small amounts, which would require a crystal growth technique that results
in a homogeneous distribution of a dopant in the grown crystal. Physical prop-
erties like heat transport of these materials that we are interested in, are known
to be very sensitive to impurities, hence we would need a method that possibly
minimizes contamination. Also, we require single crystals of large dimensions for
experiments like neutron spectroscopy that can help us to understand important
aspects about physical properties of such materials. The above conditions there-
fore narrow down our best possible choice to the travelling solvent oating zone
method owing to its advantages that will be explained below.
At rst we describe solidication processes in incongruently melting compounds,
and then discuss how the oating zone method realizes this. Later, we describe
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Figure 6.1: A schematic of a pseudo-binary phase diagram for phases A and B, showing
the dierent regions of compositions along with how the corresponding microstructure is
expected to look like. The green and red arrows along the liquidus lines indicates the
movement of the composition of the melt.
the results of growth experiments that were performed to grow pure and doped
versions of single crystals of some La- and Sr-based cuprates. For more detailed
discussions on the oating zone method and its application for synthesizing low-
dimensional cuprate materials and other oxides one may refer to [59, 191{193].
6.1 Phase diagrams
In order to understand the crystallization of partially miscible solids from com-
pletely miscible melts one has to refer to corresponding phase diagrams. In such
a phase diagram, the volume fraction (in atomic % or weight%) of two immiscible
or partially miscible solids are plotted on the horizontal axis, and a variable like
temperature is plotted on the vertical axis. In the hypothetical schematic of a
phase diagram shown in Fig. 6.1 we have two elements A and B, and a compound
AxBy on the x-axis. ,  and  are the regions of solubility of AxBy and B in
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A, A and B in AxBy and AxBy in B respectively. Hence,  means the region
where one crystallizes a solid A with small amounts of AxBy and B as inclusions.
Apart from these narrow solubility regions one nd regions where a mixture of
two phases  and  ( + ) and  and  ( + ) exist. Points marked P and
E correspond to the peritectic and eutectic compositions respectively. The peri-
tectic composition/temperature is the one where AxBy when heated up to TP
decomposes into two phases,  and a liquid of composition CP . The eutectic
composition/temperature is the one where all three phases, the complete melt,
the complete solid ( + ) and solid + liquid (+liquid/+liquid) can exist si-
multaneously. Here, a melt of composition CE is solidied at a xed temperature
into a two-phase mixture ( + ), resulting in columnar/lamellar growth.
Let us now turn to Fig. 6.2. Here, we consider the cooling (solidication) process
of a melt with composition CS as shown by the blue dashed line. Upon slowly
cooling this melt we rst reach the liquidus line where phase  begins to crystallize
from the melt. This crystallizing  phase therefore shifts the composition of the
remaining liquid to the right along the liquidus. The images on the right hand side
of Fig. 6.2 shows a schematic of the expected microstructure. We see that small
islands of solid  have crystallized in a melt of composition CL. This continues
to happen till the temperature reaches TP . At this point the liquid has reached
a composition CP , which happens to be the so called peritectic composition of
the compound AxBy, where now AxBy starts crystallizing out of this melt as an
additional phase in the already present  phase. This is seen in the microstructure
schematic as red islands (green islands of  phase are already present) developing
in the melt which now has the composition CP . As the temperature is further
decreased, this crystallization of AxBy pushes the composition of the liquid further
down the liquidus until it reaches the eutectic composition CE. At this point, the
entire liquid immediately solidies in lamellar structures of alternating AxBy and
gamma phases, this being a property of the eutectic solidication process. The
microstructre is expected to have a background of eutectically solidied liquid
with alternate stripes of  and  phases.
Such a process also occurs in a typical oating zone experiment concerning the
growth of an incongruently growing compound like AxBy. Let us now see in the
context of this method how one can grow single crystals of AxBy.
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Figure 6.2: A schematic of the phase diagram for phases A and B that indicates the
process occurring in a typical TSFZ experiment for growing the incongruently melting
compound AxBy, and a corresponding schematic of how the crystal growth situation
would look like.
6.2 Travelling solvent oating zone method
In the TFSZ method, one tries to grow single crystals of a compound like AxBy
by feeding its polycrystalline version and peritectically crystallizing single grain
material out of it. In the phase diagram we start with a feed rod composed of
the compound AxBy synthesized in the solid state.
6.2.1 Principle
The travelling solvent oating zone method involves the crystallization of a com-
pound from a so-called molten oating zone that is formed by bringing together
and melting two cylindrical rods made of the phase that is to be grown as a sin-
gle crystal. This molten zone is translated along the length of the polycrystalline
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Figure 6.3: A photograph of the image furnace (CSI FZ-T-10000-H-II-VP)) by Crystal
System Inc. that was used in this work.
rod to eventually obtain single crystalline material. In the hypothetical phase
diagram in Fig. 6.2, the melt having the same composition as that of the starting
material, lies at point A. Upon cooling, this melt will rst crystallize into the 
phase until the remaining melt is enriched in B and eventually reaches point P. At
this point, the liquid will then crystallize to form the AxBy phase via a peritectic
reaction. The FZ then reaches a steady state, where a nite amount of material
of composition AxBy is fed into the zone forming a melt of composition CP which
then crystallizes into AxBy again. At this steady state, grain selection occurs and
nally one single grain dominates the entire cross section of the growing crystal.
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6.2.2 Setup
This method uses the focussing of light to achieve high temperatures in small re-
gions of space. In the used image furnace (CSI FZ-T-10000-H-II-VP)) by Crystal
System Inc., four lament lamps are placed at the nearer focus of four ellipsoidal
mirrors. When these lamps are switched on, the mirrors reect the light from
these lamps focus it onto the second focal point of these mirrors. The mirrors
are aligned so as to have the second focal point merging at the same point in
space. This results in the light from all mirrors being focussed at a single point
where a `hot-zone' is created in order to form the molten FZ. This is illustrated
schematically in Fig. 6.4. The upper and lower shafts are positioned such that
one has the focal point exactly on the axis of the feed and seed rods, thereby
allowing to form and sustain the FZ. A photograph of the image furnace is shown
in Fig. 6.3.
6.2.3 Feed and seed rods
Feed and seed rods of the same phase whose single crystals are desired are syn-
thesized by reactions in the solid state. This involves sintering of appropriate
amounts of powders of the constituents that form the compound at appropriate
temperatures according to the respective phase diagrams. This solid state reac-
tion occurs by the process of diusion of atoms into their lowest energy sites,
thereby forming the crystal lattice suited to that temperature. After the com-
pound is formed and its phase purity is checked by x-ray diraction, the powder
is pressed in the form of rods. For this, latex tubes with inner diameter  5 mm
were used, in which the powder is carefully lled ensuring that the lling density
along the length of the tube is uniform. One has to make sure that the feed is
homogeneous along its length with respect to packing density, and composition.
Also, the diameter of the rod must not be too large compared to the width of the
lamp laments in the furnace, which otherwise can lead to improper melting of
the feed and the radial temperature gradients inside the oating zone. Then the
tube is closed and any air from it is removed using a vacuum pump. This is done
in order prevent the air from being trapped in the volume of the rod when the rod
is pressed. The tube with the powder is then inserted into a cold isostatic press
and is pressed at pressures of around 3000 bar. This results in cylindrical rods
of length 8-10 mm that have to be sintered at high temperatures before using in
the experiment. One has to take care that the rod does not develop a curvature
during the lling, pressing or sintering process as this can result in precessing of
the rod during the growth and thus aect the FZ stability and grain selection. An
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Figure 6.4: A schematic showing the experimental setup inside a commercial mirror fur-
nace, with two representative ellipsoidal mirrors.
appropriately high sintering temperature is necessary to make the rods dense, as
not so dense rods will lead to suction of the melt in the oating zone by capillary
eects of the pores in the feed rod. This step of preparing the feed and seed rods
is a crucial one and often decides the outcome of the growth experiment.
Now with the feeding and seeding material of the composition AxBy, the growth
experiment can be started. Fig. 6.4 shows the arrangement of the seed and
feed rods with respect to the focus of the mirrors before the beginning of the
experiment.
6.2.4 Atmosphere
In the four mirror furnace one can use oxygen or argon atmospheres in the growth
chamber during the growth experiment. It is possible to maintain a constant
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Feed
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Figure 6.5: A photograph of the oating zone under steady state taken during a growth
experiment (taken from [194]).
ow or a constant pressure of the gas in the chamber. A maximum pressure of
10 bar can be reached in the chamber. Thick protective quartz tubes having a
wall-thickness of around 4 mm, are used to enclose the chamber at high pressures.
Oxygen atmospheres can be useful for growing oxides where it is important to have
a good oxygen stoichiometry in the compound. Argon atmospheres are useful
for materials that are better grown in inert or reducing atmospheres. During
growths in an oxygen atmosphere, in case of formation of oxygen bubbles, which
occasionally occurred in our growth experiments due to the decomposition of
CuO into Cu2O, one had to introduce small amounts of Argon into the chamber.
This would help the bubbles to diuse out owing to the dierence in partial
pressures of O and Ar, which would otherwise result in accumulation of bubbles
and eventual collapse of the FZ.
6.2.5 Solvent pellet and zone formation
In order to reach the steady state faster one starts with a solvent-pellet of com-
position around the peritectic point of the phase that is desired. If we start the
growth directly by decomposing the feed into a solid of dierent composition and
a liquid of the peritectic composition, very little of this liquid is initially available
to establish the molten zone. Moreover, we need to go to high temperatures to
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completely melt the feed rod and then return back to lower temperatures near
the peritectic point where the reaction takes place. Therefore, we start directly
with a composition of the peritectic point that results in a liquid entirely of a
composition which we would like our molten zone to be in stable state while crys-
tallizing the desired phase. The choice of the solvent composition depends on the
phase diagram of the system concerned and will be discussed later.
During the start of the experiment we rst melt the solvent-pellet completely
by sticking it to the bottom of the feed. The seed rod is positioned at the edge
of the lower laments' image. This arrangement is shown in Fig. 6.4. A good
visual indicator of the proximity to the peritectic temperature is when the seed
starts showing the rst signs of decomposition which is generally seen as the tips
of the seed start turning paler/whitish. At this point the melt resulting from the
solvent pellet is generally at the composition of the peritectic, and at this point
the feed and seed rod can be joined to form the oating zone.
6.2.6 Rotation and translation of shafts
Almost immediately after forming the oating zone, the rotation of the feed and
seed rods is started to facilitate convective mixing of the melt in the zone. This
helps homogenizing the zone with respect to composition and temperature. After
a completely molten FZ is formed the mirror stage is translated upwards at very
slow speed of around 1 mm/h, this being the rate at which material is being
crystallized on the seed. Such slow growth rates are necessary for incongruently
melting materials in which case the composition of the FZ is very dierent from
that of the feed and the growing crystal. One therefore needs to give sucient
time for decomposition of the feed and the shift in composition to stabilize by
adequate mixing and homogenization of the melt. It can take up to 24 hrs or
more for the oating zone to reach a stable condition where no more major
adjustments of parameters are required. This depends upon the composition of
the solvent, and the proximity of the composition of the desired phase to the
peritectic composition. Eventually, factors such as convexity of the melt-crystal
interface inuence grain selection, and typically after 2-3 cm single crystalline
material solidies on the seed. One can also use a single crystalline seed which
then results in much quicker grain selection.
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6.2.7 Stability of the FZ
There are some indicators of a FZ tending towards or away from stability. De-
pending upon what is seen, the parameters of the growth have to be adjusted so
as to steer the FZ to the right composition. Below, some indicators of a too high
temperature of the zone are described.
Consider a situation where the melting of the feed rod is uniform and a sharp
feed-zone interface exists. If gradually the zone becomes thinner and the diameter
of the growing crystal increases, one can guess that the temperature of the FZ
is too high. This generally happens because a high enough temperature can
decrease the viscosity of the melt in the FZ, thus resulting in it owing down the
surface of the growing crystal just below the melt-crystal interface and forming
a coating on the crystal. Also, the angle that the melt in the FZ makes with the
growing crystal (), or the shape of the zone is determined by the viscosity of
the melt and thus the surface tension of the FZ. This angle might vary though
depending on the material. However, in general, a higher the temperature leads
to a less viscous melt, and as the surface tension reduces it causes the melt to
form a highly acute angle with the crystal interface. For most materials, the angle
 is seen to be close to a right angle. An ideal zone shape for the case of many
cuprates is shown in Fig. 6.5. However, in some materials one might encounter
a FZ that makes an acute angle with the crystal interface without aecting the
stability of the zone. Even in a stable FZ, if the temperature of the FZ is a
little high means that the composition is above the peritectic point, and there
are chances of having inclusions of the phase  in the growing crystal.
If the feed rod shows sign of improper melting, the temperature is possibly much
lower than TP . But this scenario could also occur due to improper alignment of
the lamps of the furnace, or due to inhomogeneities in the feed. Although, the
compound AxBy can crystallize from anywhere on the liquidus line corresponding
to this phase, it is advisable to grow the material close to the peritectic temper-
ature. This is because, below the peritectic composition the phase may have
a nite solubility region which allows for modications in the stoichiometry of
the compound, as is depicted by the region  in the hypothetical phase diagram
(Fig. 6.1). Another manoeuver used to stabilize the molten zone is to have a
relatively small upward translation of the feed, thereby reducing the eective
growth rate by feeding material at a slower rate. If the FZ is at an appropriate
temperature, this often helps in stabilizing the FZ.
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Figure 6.6: X-ray diraction spectra of 1% Ni doped SrCuO2 used for the growth experi-
ment; the peaks marked with a star arise due to small inclusions of the Sr14Cu24O41 (x-ray
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Figure 6.7: The experimentally measured and calculated x-ray diraction spectra of the
as grown 1% Ni doped SrCuO2 (x-ray source: Molybdenum K
 = 0.7093 A).
6.3 Crystal growth
6.3.1 Ni doped SrCuO2
The TFSZ method was used to grown large single crystals of SrCu1 xNixO2 for
x = 0.01 and 0.02. Starting with highly pure powders of SrCO3 (99.995% pure),
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CuO (99.99% pure) and NiO (99.99% pure) polycrystalline SrCu1 xNixO2 was
obtained by performing multiple solid state reactions. The powders in stoichio-
metric amounts were mixed thoroughly using a mortar and a pestle. The mixture,
in an alumina crucible, was then introduced in a furnace for the sintering process
at high temperatures. This process was repeated ve to six times starting from
920C to 990C, grinding and mixing the sintered powder after every step. After
the nal sintering, the obtained powder was checked for phase purity using x-ray
diraction. The x-ray diraction pattern of the nal powder is shown in Fig. 6.6.
Once it was known that the powder is almost single phase SrCu1 xNixO2 (with
a small amount of Sr14Cu24O41 as a secondary phase), feed rods were pressed for
the growth experiment. As for most incongruently melting compounds one must
choose the composition of the solvent pellet to be used for the growth. Fig. 6.8
shows the pseudo-binary phase diagram of the SrO-CuO system taken from [195].
From this experimentally obtained diagram we can see that the peritectic point
for SrCuO2 is at around 1084
C, and at the composition 71.5% CuO and 28.5
% SrO. This is the point around which SrCuO2 decomposes into a liquid rich in
CuO upon heating. Also, this is the point at which SrCuO2 can crystallize from
a melt in a steady state condition. Hence, the composition of the solvent was
chosen to be same as that of the peritectic composition.
The growth experiment was started with this solvent. Other experiments using
a solvent pellet composed entirely of CuO were also performed, but were un-
successful as it was dicult to stabilize the molten zone. A ow of O2 through
the growth chamber was used during the experiment. The growth chamber was
evacuated and ushed with O2 several times to ensure a pure atmosphere. The
most important parameters for the successful growth are given in table 6.1.
The grown crystal showed the presence of facets and readily cleaved perpendic-
ular to the longest crystallographic axis (b-axis). There was no relation between
the growth axis and the axis along which the crystal cleaved. Fig. 6.9 shows a
picture of the as grown crystal with a shiny surface, and the mirror-like cleavage
planes (which is the crystallographic ac plane). It also shows an image of the
cross-section of the lower part of the grown crystal taken under polarized light,
to show the grain selection process that occurs with time during the growth
experiment. From a polycrystalline seed having multiple crystallites, a single
orientation is selected out in a length of around 2 cm. Fig. 6.7 shows the exper-
imentally measured x-ray spectra of the 1% Ni doped SrCuO2, along with the
pattern obtained by Rietveld renement method. With a space group Cmcm,
the resultant lattice parameters obtained were a = 3.5702 A, b = 16.3278 A, c =
3.9086 A.
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Figure 6.8: A pseudo-binary phase diagram of the SrO-CuO system reproduced from [195].
The red line shows the desired phase and the red circle shows the corresponding peritectic
point.
Table 6.1: Growth parameters for Ni doped SrCuO2
Feed/seed rods SrCuO2
Lamps 300 W
Atmosphere Pure O2
Solvent 71.5% CuO : 28.5% SrO pellet (with 1 % Ni)
Growth rate 1 mm/hr
Upward feed translation 0.15 mm/hr
Shafts' rotation speed 18-20 rpm
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1 cm
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Figure 6.9: (a) Photographs of the as-grown crystal ingot, (b) mirror-like cleavage planes
of the as-grown crystal, (c) An image of the vertical cross section of the marked protion of
the as-grown crystal taken under polarized light, in order to show the grain selection that
occurred during the growth process.
6.3.2 La2CuO4: Ni and Zn doped
High quality single crystalline La2CuO4 and its doped versions were grown us-
ing the TFSZ method. 99.99% pure La2O3, CuO, NiO and ZnO were used as
starting chemicals for preparation of the polycrystalline feed/seed rods and the
solvent pellet. La2O3 was dried at 950
 C for 12 hours before mixing appropriate
quantities of the starting powders. The starting powder weighing were initially
mixed using a mortar and pestle and then mixed for 20 minutes using a ball mill.
The powder was then subjected to a series of sintering and grinding steps from
900 C going up to 1000 C. The powders were held for 20 hours at each tem-
perature, furnace cooled, ground and mixed thoroughly using the ball mill before
proceeding to the next sintering temperature. The well sintered powders were
then checked for phase purity using powder x-ray diraction. The sintering was
continued if the powders were not yet single phase. Pressed feed rods were then
subjected to one nal sintering process at 1200 C to make the rods highly dense
and compact, the importance of which has be discussed earlier. A similar method
was used to prepare the solvent pellet that was used in the growth experiments,
except that the highest temperature used for sintering was 1000 C. The phase
diagram of the La2O3-CuO system taken from [196] is shown in Fig. 6.10. From
this we see that the peritectic composition for this phase is nearly 71 mol% CuO
: 29 mol% La2O3. A composition of 80 mol% CuO : 20 mol% La2O3, close to
the peritectic, was chosen for the solvent pellet for the growth of the pure as well
as doped compounds. An oxygen pressure of 2 bar was needed to stabilize the
growth and to have a good stoichiometry of oxygen in the grown phase. In spite
of this, the as-grown crystals have a small excess of oxygen in them.
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Figure 6.10: A pseudo-binary phase diagram of the La2O3-CuO system reproduced from
[196] showing the La2CuO4 phase.
The parameters that were vital to bring the growth process into the steady state
condition are mentioned in table 6.2. These parameters, of course diered a bit
for the dierent compounds in this series, so a range is mentioned for the values
of the parameters. As the solvent pellet was CuO rich, often CuO decomposed
into Cu2O during the beginning of the growth thereby releasing O2 in the form of
bubbles in the molten zone. With an O2 pressure in the chamber these bubbles
are unable to diuse out and grow in size in the zone thereby increasing the
volume of the zone and causing the zone to collapse ultimately. To avoid this, Ar
was introduced into the chamber in small amounts to help the small bubbles of
O2 to diuse out of the zone.
To gain some more understanding about the growth process, the oating zone
was frozen at the end of the growth and analyzed using EDX. Fig. 6.11 shows
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Table 6.2: Growth parameters for La2CuO4 and its doped versions.
Feed/seed rods La2CuO4
Atmosphere 2 bar O2 pressure
Solvent 80% CuO : 20% La2O3 pellet
Growth rate 1 mm/hr
Shafts' rotation speed 20-25 rpm
Lamp power around 65% @ 300 W
an SEM image of the quenched oating zone. The average composition of the
zone as measured on several points all over the zone area was found to be 78
mol% CuO : 22 mol% La2O3 which is close to the composition of the peritec-
tic point corresponding to the La2CuO4 phase. Such proximity of the FZ melt
composition to the peritectic of the growing phase has also been observed for
other compounds [194, 195, 197]. Such information adds to our understanding of
growth mechanisms and their relation to phase diagrams in case of incongruently
melting compounds like La2CuO4.
The grown crystal was then characterized using several methods and this is dis-
cussed in the following paragraphs. The set of pictures below in Fig. 6.12 show
images of the grown crystals. From these images one can see that the surface of
the grown crystals are shiny and have luster. Merely by visual inspection this
is the rst indication of goodness of the crystal quality, but by all means could
be deceiving. The cross-sections of the crystal were characterized for single ori-
entation by taking Laue images on multiple points of the section. Laue images
were also used to orient the crystals for measurements. Fig. 6.13(a) shows a rep-
resentative Laue image of the undoped crystal. This image remains the same for
multiple points of the section, thus indicating the presence of a single orientation.
Fig. 6.13(b) shows, as a representative example, images of the cross-sections of
the 0.3% Ni doped compound taken using the polarized light microscope. The
uniform shade over the entire cross section conrms the presence of a single grain
everywhere. The image on the left is from a section taken approximately 2 cm
after the beginning of the growth which already shows single crystallinity, thus
implying good grain selection for this crystal. The image on the right is taken
from a section just before the growth was ended. Fig. 6.13(c) shows SEM images
of the same cross-sections. No phase contrast is seen in the image indicating the
presence of a single phase throughout the cross section. Other compounds in the
series were also similarly characterized using polarized light microscopy and SEM
to ascertain the presence of single grain and single phase, respectively. Similar
good grain selection was seen in other compounds of the series too.
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Figure 6.11: SEM image of the quenched zone from the growth of pure La2CuO4.
Fig. 6.13(c) shows SEM images of the grown crystal taken using the BSE detec-
tor. No visible phase contrast could be seen even at highest magnication levels.
EDX was then performed of multiple spots on cross-sections of crystal which were
to be used for measurement. The results conrmed that the ratio of La to Cu was
indeed 2:1 and the material is phase pure La2CuO4. Fig. 6.14 and Fig. 6.15 show
the observed and calculated x-ray diraction patterns for the pure, Ni-doped and
Zn-doped La2CuO4 samples respectively. Rietveld renement resulted in a good
match between the calculated and the experimental spectra with an RBragg of less
than 4 for all the compounds. The pure and the doped compounds are found to
have the Cmce space group, and the corresponding lattice parameters obtained
by the renement are given in table 6.3. The parameters of the doped and un-
doped compound do not vary appreciably, which is expected owing to the very
small doping concentrations. The atomic positions used in the model for rening
the data were taken from [198].
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Undoped La CuO2 4
0.1 % Ni doped La CuO2 4
0.3 % Ni doped La CuO2 4
0.3 % Zn doped La CuO2 4
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Figure 6.12: Photographs of the as-grown crystal ingots to give an idea about the size of
the crystals.
As mentioned earlier, the as-grown crystals have excess oxygen atoms in the
CuO layers, and can bring about changes in the observed magnetic properties,
like decreasing the ordering temperature. This extra oxygen can be removed
by subjecting the samples to 2 to 3 hours of annealing in a continuously evacu-
ated atmosphere of around 10 4 mbar. For samples with stoichiometric oxygen
content, the Neel temperature is observed to be 325 K.
The eect of doping on heat transport is being studied on the grown single
crystals of doped versions of La2CuO4 with dopant as Ni (magnetic impurity) and
Zn (non-magnetic impurity). The undoped single crystals have also been used for
a visible pump x-ray absorption probe experiment to investigate "photo-doping",
where holes and electrons will be excited optically across the charge transfer gap.
This aims to analyze the ultrafast relaxation back to the Mott-Hubbard insulator
ground state and thereby determine the lifetime of the holon-doublon excitation,
an exciting current problem in non-equilibrium theory. However, the results of
these experiments are not conclusive yet and will not be discussed as a part of
this work.
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Figure 6.13: (a) Laue diraction image, (b) polarized light image of cross section, and (c)
SEM image of cross sections of the grown crystal taken from the beginning part and end
part.
Table 6.3: Lattice parameters of pure and doped La2CuO4 obtained by Rietveld renement.
Dopant a(A) b(A) c(A)
Space group: Cmce
undoped 5.3536 13.1436 5.4021
0.1 % Ni 5.3537 13.1416 5.4014
0.3 % Ni 5.3543 13.1415 5.4031
0.1 % Zn 5.3532 13.1315 5.4050
0.3 % Zn 5.3524 13.1389 5.4013
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Figure 6.14: Experimentally measured and calculated x-ray diraction spectra of the pure
and Ni doped La2CuO4 samples, (a) Undoped (b) 0.1 % Ni (c) 0.3 % Ni (x-ray source:
Copper K = 1.5406 A).
6.3.3 La8Cu7O19
Cava et. al. were the rst to report the existence and synthesis of the homolo-
gous series of compounds La4+4nCu8+2nO14+8n, of lanthanum cuprates to which
the two compounds La2Cu2O5 and La8Cu7O19 compounds belong [52]. Using the
information provided there, single crystals of La8Cu7O19 have been grown using
ux growth techniques and has been shown to have a narrow region of crystal-
lization of  1035C [184, 186]. Phase diagrams therein show that La2Cu2O5 and
La8Cu7O19 crystallize very close to each other with regards to composition, near
to that of the eutectic (92 mol % CuO). The atmospheres in which one can grow
these phases is unclear, though. Sekhar et. al [186] and Barillo et. al [184] were
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Figure 6.15: Experimentally measured and calculated x-ray diraction spectra of the pure
and Zn doped La2CuO4 samples, (a) Undoped (b) 0.1 % Zn (c) 0.3 % Zn (x-ray source:
Copper K = 1.5406 A).
successful in growing single crystals of La8Cu7O19 only under ambient conditions.
They did not use any oxygen partial pressure for the synthesis experiments. On
the other hand, in the solid state, polycrystalline La8Cu7O19 could be synthesized
as a single phase only in an O2 ow as observed by Cava et. al [52].
Solid state synthesis
In order to verify the formation of the two phases in dierent atmospheres and
tempreatures, we performed synthesis experiments using a solid state reaction
route (see table 6.4). First, with a view to investigate the formation of La8Cu7O19
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Table 6.4: Summary of solid state synthesis showing the products obtained under dierent
atmospheres, m.s.p means minor secondary phase
Temperature Ambient O2
(La2O3: CuO) atmosphere
1020-1035C La2CuO4 & La8Cu7O19
(4 : 7) La2Cu2O5 (m.s.p) &
La8Cu7O19 (m.s.p)
998-1020C La2Cu2O5 La8Cu7O19 &
(1 : 2) La2Cu2O5 (m.s.p) &
La2CuO4 (m.s.p)
in air, we red a mixture containing La2O3 and CuO in the molar ratio 4:7,
at temperatures between 1020 - 1035C for 24 hr in ambient atmosphere, and
quenched it by pulling out of the furnace at these temperatures. As a result, we
obtained mixtures of La2CuO4 with La2Cu2O5 and La8Cu7O19 as minor phases.
However, when the same solid state synthesis experiment as above was performed
in owing O2, single phase La8Cu7O19 was formed upon quenching the red
mixture, in accordance to the results of Cava et al. [52].
Then, to check the formation of La2Cu2O5 in ambient atmosphere, a mixture of
La2O3 and CuO in a molar ratio of 1:2 was red at temperatures between 998
C
and 1020C, in air. This resulted in the formation of single phase La2Cu2O5,
which agrees with the result from Cava et al. [52]. Finally, to check the formation
of La2Cu2O5 in O2 atmosphere, the above experiment was repeated in an O2
ow. The resultant powder had La8Cu7O19 as the major phase, indicating the
favorability of formation of the latter phase only in an O2 environment in spite
of a slightly o-stoichiometric starting mixture.
Crystal growth
From these experiments we could conclude that in order to crystallize phase pure
La8Cu7O19 we needed to perform growth experiments in an oxygen atmosphere.
We, thus, attempted to grow the phase La8Cu7O19 using a feed rod of the same
composition under 9 bar of static O2 pressure, as well as under O2 and Ar ow at
atmospheric pressure. However, in repeated trials of this experiment the molten
zone could not be stabilized. We faced problems like insucient melt in the
oating zone and inappropriate feed melting.
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Table 6.5: Summary of crystal growth from melt showing the products obtained under
dierent atmospheres.
Feed Ambient Argon O2
atmosphere atmosphere ( 9 bar)
La2Cu2O5 Unsuccessful LaCuO2 La8Cu7O19
La8Cu7O19 Unsuccessful - Unsuccessful
As we had observed from the solid state synthesis experiments that La8Cu7O19
is formed as a major phase in an O2 atmosphere even if one starts with a slightly
o-stoichiometric starting mixture, in our subsequent experiment we used poly-
crystalline, phase pure La2Cu2O5 as a feed rod to attempt to grow La8Cu7O19
from a melt, in an O2 atmosphere, using the TSFZ method. In this way we were
able to grow phase pure single crystalline La8Cu7O19.
Feed rod preparation
La2Cu2O5 has been synthesized in single crystalline form earlier by various groups,
both under oxygen [19, 199] and ambient atmospheres [52, 184, 200]. However, we
observed that, in the solid state, it is dicult to synthesize it as a single phase in
large quantities when an oxygen atmosphere is used (see table 6.4). Therefore, to
synthesize La2Cu2O5 the thoroughly mixed starting powders were introduced in
a pre-heated furnace at 1002 C and kept for 24 hours in an ambient atmosphere.
Then, the crucible was rapidly pulled out of the furnace at the same temperature
in order to quench the phase. This step was repeated four times to ensure a
homogeneous single phase. Powder X-ray diraction was used to conrm the
formation of La2Cu2O5 as a single phase. The above used method is similar to
the one mentioned by Cava et al. [52]. Cylindrical feed rods of length  8 cm
and diameter  5 mm were then pressed from the powder. The pressed rods of
La2Cu2O5 were sintered at 800
C for 24 hours in a mue furnace in air, where
cooling and heating rates were set to 200C/h. The powder x-ray diraction
pattern of the sintered feed rod conrmed that the La2Cu2O5 remained stable
after sintering at 800C.
A solvent disk of pure CuO weighing  70 mg was used. The growth was
carried out in an oxygen pressure of 9 bar, and a very slow growth speed of
around 0.5 mm/h was chosen. The feeding speed (i.e, the speed at which the
feed rod was allowed to move with respect to the oating zone) was kept around
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10  µm
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(a)
(b) (c)
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growth direction
Figure 6.16: (a) Picture of the as-grown crystal placed on a millimeter-scale graph paper,
(b) SEM image of cross-section of the middle part of the crystal; inset zooms into the
periphery, (c) Laue diraction image of the above cross section.
0.42 mm/hr. The feed and seed rods were rotated in opposite sense with speeds
of  20 rpm. The grown crystal had a diameter of  4 mm, due to lower feeding
speed compared to the growth speed.
We were successful in growing phase pure La8Cu7O19 as single crystals only by
using the above conditions. The high O2 pressure that was used helped facilitate
the formation of the molten zone and stabilize the growth of La8Cu7O19. It also
helped to suppress bubble formation during decomposition of the CuO solvent.
Similar experiments of trying to grow La8Cu7O19 starting with a La2Cu2O5 feed in
ambient atmosphere and argon atmosphere did not work. In ambient atmosphere,
the molten zone could not be stabilized. However, in argon atmosphere we could
stabilize the molten zone, but the resultant phase that was grown turned out to be
phase pure LaCuO2, which must have resulted from the reduction of La2Cu2O5
[201]. The results regarding the solid state stability and the results of growth
trials from melt are summarized in table 6.5.
Fig. 6.16(a) shows a photograph of the as-grown sample. The seed rod, with a
relatively larger diameter than that of the crystal, is seen on the far left hand side
of the image. The crystal is seen growing on the seed from the area where a bulge
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Figure 6.17: Experimental powder diraction pattern for the as-grown crystal (red) along
with the Rietveld rened pattern(black)(x-ray source: Molybdenum K = 0.7093 A).
is seen. The surface of the crystal looks rough and without luster because of a
polycrystalline peripheral ring, described below, that runs all along its length.
Fig. 6.16(b) shows the Scanning Electron Microscope (SEM) image of the cross
section of the crystal taken in the Backscattered Electron Detection mode (BSE),
and the inset zooms into the periphery. Apart from two main cracks running
along the cross section (which might have developed due to thermal stress during
the process of decreasing the lamp power to freeze the molten zone) and the
periphery of the crystal, we can see that the cross-section contains a peripheral
ring of inclusions, which by WDXA was found to be a mixture of the eutectic
composition and an excess of CuO. A similar composition of this peripheral ring
was found to occur throughout the length of the grown crystal. Also, in some
parts of the crystal towards the end of the growth, inclusions of La2Cu2O5 were
found in the central regions of the cross section of the crystal. Fig. 6.16(c) shows
the Laue diraction image of the cross section taken from the mid-region of the as-
grown sample (Fig. 6.16(a)), indicating single crystallinity. This image remains
the same for multiple points on the section, thus indicating the presence of a
single orientation throughout.
Fig. 6.17 shows the experimentally obtained powder diraction pattern for the
as-grown crystal. This was rst compared with literature [52, 185], and found
to agree very well as all the peaks of the reported patterns matched with our
experimental pattern, conrming that the grown phase is indeed La8Cu7O19.
Rening the experimental pattern starting with a model as per [185], we nd
that the structure has monoclinic symmetry with a C2=c space group, and with
lattice parameters a = 13.829 A, b = 3.758 A, c = 34.595 A,  = 99:32. The
86
6.3. Crystal growth
1 mm
feed rod
feed-zone
interface
frozen
floating zone
zone-crystal
interface
growing
crystal
Figure 6.18: SEM image of the frozen oating zone with red and blue circles depicting
the points where the average composition was studied.
simulated pattern for La8Cu7O19, after renement, matches the experimental
powder diraction pattern well thus conrming phase purity. A Bragg R-factor
of 6.91 was obtained. No peaks from impurity phases were identied. Eect
of texture and stress were not rened as the main motive of renement was to
conrm phase purity, and these possibly account for dierence in observed and
simulated intensities.
In order to gain some insight into the growth process the oating zone was
frozen at the end of the growth experiment and analyzed using WDXA. Fig. 6.18
shows an SEM image of the vertical cross-section of the frozen oating zone (FZ).
The feed rod, the solid-liquid interfaces, the actual zone and the growing crystal
are marked. The FZ broke into two pieces during the cutting procedure, hence
the image shows two separate pictures of the upper and lower half of the FZ.
WDXA revealed that the average composition of the central and upper part of
the molten zone, taken at points marked by red in Fig. 6.18, is 88% CuO and 12
% La2O3. For a molten zone in steady state the composition of the frozen zone
generally corresponds to peritectic composition of the phase under consideration
[194, 195, 197]. From this we can say that the average composition in these
parts of the zone corresponds to that of the peritectic point associated with the
decomposition of phase La2Cu2O5, labelled as 1 in Fig. 6.19. Interestingly, we
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Figure 6.19: A rough schematic of the pase diagram to illustrate the growth process that
is observed. The red circles marks the pertitectic point 1 corresponding to La2Cu2O5. For
clarity only a part of the entire phase diagram of the La2O3 -CuO system is shown. The
above phase diagram has been adapted from [184, 186].
nd that the average composition of the lower part of the zone (marked by blue
points in Fig. 6.18), near the zone-crystal interface is 86% CuO and 14 % La2O3
slightly dierent than that of the central and upper part of the zone. The observed
small composition shift of the oating zone under the steady state condition may
indicate the existence of a small temperature gradient along the length of the
zone, such that the lower section of the zone which is about 2 % CuO decient
should be slightly higher in temperature compared to the upper section. Judging
from the narrowness and close proximity of the temperature/composition regions
over which these two phases exist, the observed composition variation can easily
arise from a temperature gradient as small as 1 K. Since the phases La2Cu2O5
and La8Cu7O19 exist as two distinct phases only excluding a narrow temperature
interval, of the order of about 10C, the rate of change of composition with respect
to temperature around the point labelled as 1 in Fig. 6.19 is estimated to be about
1.25 %.
In a scenario where the diameter of the growing crystal is smaller than that
of the feed rod, a slightly higher temperature at the melt-crystal interface can
be expected. The reason for this can be understood from the fact that for a
given material the power required to establish a stable FZ scales roughly with
the diameter of the feed rod which should be melted to form a molten zone. In
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(a)
(b)
Figure 6.20: (a) Susceptibility as a function of temperature ((T )) measured for the three
times sintered single phase powder La8Cu7O19 sample. (b) Two representative peaks (A
and B) from the X-ray diraction spectra of the once (blue data), twice (green data) and
thrice (black data) sintered powders, along with that for the powdered single crystal (red
data).
typical growth experiments such small temperature dierences at the upper and
the lower interfaces are inconsequential, however, in the present case due to a
sheer proximity of the two phases, a very unusual situation has been witnessed
where the crystals of phase La8Cu7O19 are grown by melting a feed rod of phase
La2Cu2O5. The process self-sustains itself by rejecting excess CuO from the feed
rod along the peripheral regions of the growing crystal. This is further assisted
by a convex shape of the melt-crystal interface which is typically observed in a
FZ experiment due to a small radial temperature gradient along the melt crystal
interface [202{205].
The repeatability of the growth experiments conrms that it is indeed possible
to grow La8Cu7O19 by adopting this method. WDXA was done on several points
on the cross-section surface and from the average compositional ratio, La : Cu :
O, the formula of the compound was deduced to be La8:030:5Cu6:980:5O19:011:1.
This ratio was also checked for dierent pieces of the crystal using ICP-AES,
and the resultant formula was found to be La7:950:11Cu7:020:22O19:020:15. These
analyses were important, in combination with others, to ascertain that the ratio
of La:Cu is indeed 8:7 to distinguish this phase from the close neighbor La2Cu2O5,
where the La:Cu ratio is 1:1.
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To further validate the appearance of this anisotropy, we synthesized single
phase La8Cu7O19 powder and measured its susceptibility as a function of temper-
ature. To obtain single-phase La8Cu7O19 by the method described above in this
section, multiple sintering steps were required to achieve single phase powders.
To illustrate the importance of multiple sintering processes in obtaining phase
pure powder further, Fig. 6.20(b) shows two reections from the powder XRD
pattern of powders subjected to one, two and three sintering steps along with
that of the grown single crystal. Peak A and B belong to the phase La8Cu7O19.
With increasing number of sintering steps one sees a shift of peak A and B to-
wards the position corresponding to the single crystal, thus indicating that the
three times sintered powder has a stuctural homogeneity close to that of the sin-
gle crystal sample. Fig. 6.20(a) shows the magnetic susceptibility of the single
phase La8Cu7O19 polycrystalline powder obtained in our study. No anomaly is
seen around 103 K in the powder sample's susceptibility (Fig. 6.20(a)). This is
explained because the anomalies seen in (T ) along the dierent directions of the
single crystal additively cancel out due to their anisotropy, and we see a smooth
averaged-out curve for the powder sample.
6.3.4 LaCuO2
Earlier, only polycrystals of LaCuO2 have been synthesized starting with stoi-
chiometric mixtures of La2O3 and Cu2O and ring at high temperatures in a N2
or Ar atmosphere, or under vacuum at high pressures [187{190]. Up to now,
the reduction method has not been employed successfully to synthesize single
crystalline LaCuO2 from La2Cu2O5, although other delafossites like YCuO2 have
been synthesized using Y2Cu2O5 as the starting material [187, 206]. Therefore,
using a similar approach, we have synthesized LaCuO2 as a single crystal. The
phase diagram of the La2O3-CuO binary system in air [200], suggests that the
phase La2Cu2O5 melts incongruently, and there exists a considerable dierence
between the composition of solid La2Cu2O5 and the melt from which it crys-
tallizes. However, the temperature regimes and atmospheres in which LaCuO2
exists in the phase diagram has not been investigated in detail, although this
compound and its crystal structure are well-known in the literature. The TFSZ
method is proven to be eective for the crystal growth of incongruently melting
compounds [191, 193]. We therefore employed this method to grow single crystals
of LaCuO2 by a reduction of La2Cu2O5 from a melt.
La2O3 and CuO of 99.99% were used as starting chemicals for preparation of
the polycrystalline La2Cu2O5 feed and seed rods. La2O3 was dried at 950
C for 12
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Figure 6.21: (a,b): Photographs of the as grown crystal ingot. The polycrystalline pe-
ripheral ring and the crystal in the central part is seen in (b). (c): A Laue image of the
diraction pattern of the crystal surface.
hours before mixing the starting powders. La2Cu2O5 was synthesized in the solid
state by following a sintering method similar to the one in the reference [52]. The
thoroughly mixed powders were introduced in a pre-heated furnace at 1000C and
held for 24 hours in an Alumina crucible. Then, the crucible was carefully pulled
out of the hot furnace directly in order to air-quench the phase. Cylindrical
feed rods of length  6 cm and diameter  5 mm, were pressed at 3000 bar
using a cold isostatic press. A small solvent disk of pure CuO weighing  80 mg
was used to initiate the growth. The growth chamber was evacuated and ushed
multiple number of times, and then a steady Ar ow ( 100 cc/min) at 2 atm was
maintained throughout the experiment in order to have a reducing atmosphere
in the growth chamber. A slow growth speed of around 1 mm/hr was used. The
upper and lower shafts were rotated opposite to each other at 25 rpm. Lamps
with 300 W power were used in the mirror furnace that produce a temperature
gradient of  20C/mm in the region around the growth interface. The most
important parameters of the growth experiment are mentioned in table 6.6.
In the growth of incongruently melting compounds, due to a signicant dier-
ence between the composition of solid and the melt from which it crystallizes, a
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Table 6.6: Growth parameters for LaCuO2.
Feed/seed rods La2Cu2O5
Atmosphere Ar
Solvent CuO pellet ( 80 mg)
Growth rate 1 mm/hr
Shafts rotation speed 25 rpm (opposite direction)
Lamps 300 W
Temperature gradient  20C/mm
at growth interface
20 mm
1 mm
convex
zone-crystal interface
zone-feed interface
crystal
zone
Figure 6.22: A Scanning Electron Microscope (SEM) picture of the quenched oating
zone to illustrate the convexity of the growth interface. The inset shows a zoomed image
of the area marked by a red square, showing the microstructure of the zone.
solvent of a composition close to the liquidus region of the compound is generally
used in order to have sucient amount of melt of this composition [191, 193]
when forming the FZ. However, as no information is available about the crys-
tallization regimes of LaCuO2, a CuO-pellet was used as a solvent to begin the
growth because its composition, and the temperature at which it decomposes are
not so far away from that of the liquidus region of La2Cu2O5, which was used as
the feeding material [200]. At the beginning of the growth the melt produced by
decomposing CuO helped in establishing the FZ with ease, which was not possible
otherwise. Upon starting the growth without a solvent, directly by decomposing
the feed material, very little liquid was initially available to establish the molten
zone and the FZ kept breaking due to insucient melt. It was dicult to stabi-
lize the molten zone for more than a few hours in the growth experiments that
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Figure 6.23: Experimental powder diraction pattern for the as-grown crystal (red) along
with the Rietveld rened pattern (black) (x-ray source: Molybdenum K = 0.7093 A).
were tried in O2 atmospheres, and resulted in the formation of La2Cu2O5 and
La8Cu7O19. An Ar atmosphere was used to prevent the formation of La2Cu2O5
or La8Cu7O19, and facilitate the reduction of La2Cu2O5 to LaCuO2.
The quality of the grown crystal was analyzed with regard to crystallinity and
phase purity using dierent methods. Powder x-ray diraction at using a STOE
diractometer (transmission geometry) with Molybdenum (K 0.709 A) x-ray
source was carried out at room temperature on several powderized pieces of the
grown crystal to conrm phase purity. The diractometer is equipped with a
curved Ge(111) monochromator and 6-linear position sensitive detector. The
sample was measured in transmission geometry, using a thin layer of powder glued
onto a polyacetate lm. Electron backscattered diraction images using the Scan-
ning electron microscope (SEM) were used to check for possible secondary phase
inclusions. The elemental composition was ascertained using Energy Dispersive
X-ray Analysis (EDX) and Inductively Coupled Plasma Atomic Emission Spec-
troscopy (ICP-AES). The Laue diractometer equipped with a Seifert ID3003
generator, a Tungsten anode and a MWL 120 detector from Multiwire Laborato-
ries, Ltd. was used to make diraction images at dierent spots on cross-sections
of the grown crystal to check for single crystallinity and grain size.
Upon analyzing cross sections of the crystal at dierent parts of the grown rod
(Fig. 6.21(a)), a thin polycrystalline peripheral ring containing a mixture of CuO
and La2Cu2O5 was found all along the length of the rod. However, the central
part of the rod was single crystalline LaCuO2 (Fig. 6.21(b)) that readily cleaved
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Table 6.7: The rened atomic positions obtained from single crystal diraction. The
obtained lattice parameters are, a = 3:832(16) A, b = 3:832(4) A, and c = 17:098 A; for
the renement Bragg R-factor = 4.395, RF- factor = 2.987.
Atom Site x y z
Cu1 3a 0 0 0
La1 3b 0 0 0.5
O1 6c 0 0 0.1079
into ake-like pieces, a feature typical of layered delafossite structures [187, 206],
and yielded yellow colored powder when crushed. Fig. 6.21(c) shows the Laue
diraction image of a cleavage plane of the crystal, shows single crystallinity.
A slow growth rate of around 1 mm/h and counter-rotation of upper and lower
shafts (25 rpm) was used to facilitate diusion during crystallization at the growth
interface and for homogeneity of the melt-composition in the FZ respectively. The
growth interface, as seen in the SEM image of the quenched FZ in g. 6.22, under
steady state conditions, possesses a convex shape. Studies in the literature indi-
cate that a slightly convex interface toward the liquid is desirable as it improves
the quality of the grown crystal [207]. A concave interface is unfavorable be-
cause it tends to favour the concentration of defects along the core of the growing
crystal [208]. Although a high rotation speed facilitates homogeneity of the FZ
composition, it reduces the convexity of the growth interface [209] and thereby
eects stability of the FZ and the quality of the grown crystal. Thus, a rotation
speed of around 25 rpm which resulted in a convex growth interface is possibly an
important parameter for the successful growth. In previous unsuccessful experi-
ments, in spite of using a CuO solvent and similar values of feed/seed rotation,
growth rate and lamp power as that of the successful experiment, it was dicult
to stabilize the FZ because the improper melting of the feed rod caused changes
in the volume of melt in the FZ. The improper melting of the feed rod suggested
the presence of inhomogeneities in the feed rod with regard to either density or
phase purity. Also, suction of melt into the feed rod was observed, which reduced
the amount of melt in the FZ. This indicated that the density of the rod is low
and that the rod is porous. With a view to overcome these possible problems,
the sintering process used to form La2Cu2O5 was repeated four times in order to
ensure phase purity. Later, the pressed feed rods were then sintered at slightly
higher temperature of 900C than previously used 800C, in order to improve
density. Powder x-ray diraction conrmed the formation of La2Cu2O5 as a sin-
gle phase. In the successful growth experiment, the homogeneity and density of
the feed rod was reected in the observation of uniform melting of the feed rod
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20 µm
5 µm
Figure 6.24: Scanning Electron Microscope (SEM) images of the grown single crystal
taken in the back scattered electron mode. The inset image is a magnied image of the
marked area.
and a sharp feed-zone boundary with very little suction of melt from the FZ into
the feed rod. Thus, in addition to the use of a solvent-pellet and an Ar atmo-
sphere, a homogeneous and dense feed rod consisting of single phase La2Cu2O5
seemed to be an important factor for the success of the growth experiment. From
our experiments, one sees that it is possible to grow single crystals of LaCuO2
from a melt formed by decomposing La2Cu2O5. However, detailed studies, in dif-
ferent atmospheres, regarding the temperature regimes where LaCuO2 exists in
the La2O3-CuO phase diagram are needed however to throw light on the precise
mechanism of the growth.
Fig. 6.23, shows the experimentally obtained powder diraction pattern for the
as-grown crystal along with the simulated pattern. An initial comparison with lit-
erature on polycrystalline LaCuO2 [188] shows that all the peaks of the reported
pattern matched with our experimental pattern, indicating we have grown the
desired LaCuO2 phase. Rening the experimental pattern, we see that the re-
ned pattern matches well with the experimental one. We obtain rhombohedral
symmetry with a R3m space group with lattice parameters a  3.832A, b 
3.832A and c  17.098A, in agreement with literature [188]. The atomic posi-
tions, lattice parameters and quality of renement are given in Table. 6.7. All the
peaks were indexed and were found to match with the simulated pattern, with
no peaks arising from impurities. Eect of texture and stress were not rened
as the main motive of renement was to identify conrm phase purity, and these
possibly account for small dierence in observed and simulated intensities which
remain unrened.
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Figure 6.25: (Resistivity() as a function of temperature. Inset: ln () is plotted against
1=T and the red line shows a linear t to it.
SEM images at dierent magnications are shown in Fig. 6.24, the inset showing
a higher magnication image of the area marked in red. These images are taken
in the Backscattered Electron (BSE) mode with a electron beam acceleration
voltage of 15 kV. There is no trace of any inclusions as secondary phase which
would otherwise be visible as phase contrast. One can see sharp and well dened
cleavage planes in the images, characteristic of a delafossite crystal. Small broken
pieces of the crystal and dirt due to sample handling are visible on the surface.
EDX was done on several pieces of the crystal and the average compositional
ratio, La : Cu, was deduced to be 1.00 : 0.99. This ratio was also checked for
dierent pieces of the crystal using ICP-AES, and from this the resultant formula
was found to be La0:980:15Cu0:990:19O2:050:15. From the above analyses we can
say that the synthesized crystal is a good quality single crystal of LaCuO2.
To gain insight into the relation between the growing crystal and the phase
diagram we analyzed the composition of the oating zone using SEM. One can
clearly see the lamellar structure in the zoomed-in image of the FZ corresponding
to a eutectic solidication (Fig. 6.22). The average composition of the zone was
found to be 85 % CuO : 15% La2O3. As we expect the melt in the oating zone to
be of a composition near the peritectic region corresponding to La2Cu2O5 (as our
feed rod was La2Cu2O5), it is likely that in the phase diagram of the CuO-La2O3
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system in an Ar atmosphere, the liquidus region of La2Cu2O5 extends from the
eutectic point (92% CuO) to up to compositions of 85 % CuO : 15% La2O3.
Electrical resistivity () from 180-300 K was measured using the four probe
method. The resistivity at 295 K was measured to be  0:85M
-cm, and
was found to increase exponentially with decreasing temperature indicating an
insulator-like behavior. We t the data by an exponential (T ) / exp(-Eg/kBT),
where Eg is the insulating gap energy. From the t, the value of the insulating
gap was found to be 0.14 eV. Fig. 6.25 shows (T ), and the inset shows a plot of
ln() versus 1=T along with a linear t to determine the gap energy.
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La2CuO4: Heat Transport
7.1 Heat transport
The heat conductivity of La2CuO4 measured earlier in the literature using the
steady state method was discussed in section 5.1, where the emergence of a peak
in k due to magnons at around 280 K indicated temperature-dependent scatter-
ing mechanisms setting in. However, very little is known about these scattering
mechanisms involving magnons, and moreover these investigations are restricted
to low temperatures of 300 K, where the magnetic contribution is still large.
With a view to explore the behaviour of heat conductivity of at higher temper-
atures, and to shed light on the scattering mechanisms, heat transport up to
very high temperatures (813 K) has been investigated for the rst time. These
high temperature measurements were carried out by Oleg Mityashkin using the
dynamic ash method, and more discussions can be also found in his PhD thesis
[144]. These investigations aim at gaining insight into the scattering processes
relevant in dierent temperature regimes, and motivating theoretical work on the
long-standing problem of magnon transport in 2D.
Fig. 7.1 shows the heat conductivity of undoped La2CuO4 measured parallel
(k) and perpendicular (?) to the ab-plane in a wide temperature regime from 7
K at 813 K using two methods. The blue curves denote the measurements done
using the steady state method and the red curves denote the measurements done
using the dynamic ash method (see chapter 4 for descriptions of methods). ?
and k measured using both methods are in good agreement in the temperature
range around 300 K, where there is an overlap is the measured temperature range.
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Figure 7.1: Thermal conductivity of La2CuO4 as a function of temperature as measured
parallel (k) to the ab-plane and perpendicular (?) to it. The red colour symbols indi-
cate the measurement points obtained by the dynamic ash method and the blue symbols
correspond to steady state measurements. The gray region indicates a possible anisotropy
of 30% in the phononic heat conductivity, that contributes to the uncertainty in mag, the
magnon heat conductivity.
To analyze the data we regard the data obtained from both these techniques as
one data-set from 7 K to 813 K. At temperatures higher than 300 K, ? keeps
decreasing steadily to a value of 2 Wm 1K 1 at 813 K, as expected, considering
the fact that it stems purely from phonons. k on the other hand, after showing a
broad peak at around 280 K, decreases sharply at high temperatures and reaches
a value of around 3.75 Wm 1K 1 at 813 K. Thus, even at the highest temperature
of measurement there still exists an anisotropy in the heat conductivity along and
perpendicular to the plane, signifying the presence of conduction via magnetic
excitations.
We now extract mag, and analyze it using the approach introduced in sec-
tion 3.4. Assuming that the phononic heat conductivity is isotropic, we extract
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(a) (b)
Figure 7.2: (a) Magnetic thermal conductivity as a function of temperature (mag(T ), red
symbols) compared with data in literature [11, 12, 14{16]. (b) The low-T t (the black solid
line) to the experimental data using equation 7.1. The gray region shows the uncertainty
in the estimation of mag due to possible anisotropy of the phononic heat conductivity, and
the red open symbols show the data that has not been considered for further analysis due
to signicant errors.
the magnetic heat conductivity mag by subtracting ? from k, a method that
has been frequently used in the literature [141].
7.1.1 Magnetic heat conductivity
mag as a function of temperature is plotted in Fig. 7.2(a). In the low-temperature
regime from 50 K - 200 K, mag increases sharply. Around 230 K it exhibits a
maximum reaching the value of approximately 35.4 Wm 1K 1, and then decreases
strongly up to the highest temperature of 813 K to a value of 1.72 Wm 1K 1. If
we compare this mag to that obtained previously in references [12{16] by other
research groups, we see that the mag obtained in this work is much higher.
Except for the data by Yan et al. all other curves are well below our mag at all
temperatures. From the comparison with mag from the literature it is evident
that the single crystals grown in this work are of very high crystalline quality, and
high purity. Scattering of magnons o both boundaries and defects is reduced to
a large extent, thereby enhancing conductivity.
100
7.1. Heat transport
In the low-temperature regime, mag can be modelled in the framework of
the Boltzmann-like approach with a constant mean-free path due to magnon-
boundary scattering, as has been discussed in section 3.4.2. Such an approach
has been used for analyzing mag in earlier work [12]. Recalling from section 3.4.2,
the heat conductivity can be written as,
mag =
v0kBlmag
2a2c
T 2
2M
X
i=1;2
Z xmax
x0;i
x2
q
x2   x20;i
ex
(ex   1)2dx; (7.1)
where the integral is dimensionless, and x0;i = i=(kBT ) and xmax = M=T .
Zc = 1.18 is the quantum renormalization factor for s =
1
2
spins. M =
p
2ZcJ
is the Debye temperature for magnons.
While tting equation 7.1 to the experimental data, an additive shift of the mag
curve which gives a further free parameter other than lmag. This shift accounts for
the uncertainties in the magnitude of mag that arise during its extraction from
the measured heat conductivities parallel and perpendicular to the ab-plane. The
t to the experimental data is shown in g. 7.2(b). A good t is obtained for
temperatures in the range 50 K - 150 K. At temperatures lower than 50 K, the
error in mag becomes signicant, as shown by the gray region in g. 7.2(b), and
the tting procedure is restricted up to this temperature. At temperatures higher
than 150 K, the experimental mag deviates from the extrapolated t. This can be
understood in terms of the T -dependence of lmag due to T -dependent scattering
processes. The t results in a constant and very large mean free-path value of
around 3500250 A1, which is equal to almost 1000 lattice spacings, and an
additive shift of -0.23 Wm 1K 1.
A good t in this low-temperature regime indicates that T -dependent scattering
processes may not be important at these temperatures, and that a temperature-
independent scattering process dominates. The most likely process might be the
T -independent scattering mechanism of magnons o boundaries in the 2D square
lattice, leading to a constant lmag over this T -range where other T -dependent
scattering processes are still not eective enough. Such an interpretation is also
found in [12], to explain a similar but much smaller constant mean free path
of around 580 A (see section 5.1 and 3.4.2). The very large mean free path
found in this work translates into the conclusion that the crystals grown in this
work are of remarkably higher quality, and that continuous 2D planes exist over
1The error in the mean free path was determined by tting equation 7.1 to the mag ob-
tained by adding and subtracting a maximum error of 30% stemming from possible phononic
anisotropy.
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larger distances. Note that the extracted lmag, if interpreted as being limited
by boundaries, is much smaller than the crystal diameter (which in the case of
our measurements was around 3-4 mm). The crystal diameter is the limiting
length in the case of phonon-boundary scattering because, for three-dimensional
phonons the eect of a discontinuity in the 2D structure is not expected to be
very strong. However, in a 2D square lattice like La2CuO4, the existence of
discontinuities in the 2D planes where the magnons propagate is likely to act as
a very strong boundary, akin to how the crystal peripheries act for the case of
phonon propagation. This boundary is much smaller than the crystal diameter
and becomes responsible for determining the mean free path due to magnon-
boundary scattering. The presence of a peak and the strong decrease of mag
clearly indicate that at higher temperatures, apart from T -independent scattering
processes, other T -dependent dissipative scattering mechanisms set in, that cause
a decrease in the heat conductivity. Scattering of magnons with phonons and
other magnons are probable mechanisms responsible for heat conduction in this
T -regime.
A qualitative comparison of this mag at higher temperature with results of the-
oretical calculations throws some light on the scattering mechanisms that could
be involved. Fig. 7.3 compares the mag obtained in this work and that of Hess
et al., with theoretical calculations by Bayrakci et al.. As discussed earlier in
section 5.1, the boundary limited mean free path of magnons (580 A) used in the
calculations was taken from Hess et al. [12], and there exists a clear discrepancy
between the experiment and theory as far as the magnitude and position of the
peak with respect to temperature is concerned. There seems to be a reasonable
agreement at low temperatures though where magonon-boundary scattering is
evidently dominant. The main dierence between mag from Hess et al. and that
from the present work, is that the new crystals grown and measured here are of
very high quality with regard to crystallinity and purity. This is evident from the
large dierence in the mean free path of magnons, which is obtained to be around
six times greater than that of Hess et al.. Fig. 7.3 shows that the calculations
and the data from Hess et al. dier from our experimental mag in the entire
temperature range. The mean free path of magnons due to boundary scattering
is an essential input in the calculations of Bayrakci et al. and has been taken
from Hess et al. Thus, at least at low temperatures, the disagreement between
the calculated mag and our experimental mag could arise due to the above dier-
ence. However, the agreement of the calculations by taking into account the new
T -independent mean free path due to scattering at boundaries obtained from our
experiments is not yet checked.
At higher temperatures the decrease in the experimental mag is much stronger
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Figure 7.3: Magnetic thermal conductivity as a function of temperature (mag(T ), red
symbols) compared with calculations by Bayrakci et al. (black solid line) [157, 158]. Red
symbols are data from this work, blue symbols are mag taken from Hess et. al [12]. The
gray region shows the uncertainty in the estimation of mag due to possible anisotropy of
the phononic heat conductivity.
than the calculated mag, despite the larger low-temperature boundary limited
mean free path. This disagreement therefore could indicate that assuming only
boundary and magnon-magnon scattering processes, as has been done in their
calculations by Bayracki et al., is not enough to describe experimental mag, and
that additional T -dependent scattering processes have to be taken into account
in order to explain the experimental results.
After having quantitatively analyzed the low-T regime of mag, using a con-
stant T -independent mean free path, in the following section we include the high
temperature regime of mag up to 813 K and attempt to empirically analyze the
mean free path of magnons using T -dependent scattering processes.
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7.1.2 Magnon mean free path
In order to extract the magnon mean free path (lmag) from mag, we use the
kinetic model discussed in section 3.2, which can be written for 2D as
 =
1
2
Z
BZ
ckv
2
kkdk (7.2)
When considering the scattering rate ( 1), one might intend to apply an anal-
ogy of the Callaway model for phonons (refer 3.3), where  1 is given as a sum of
scattering rates for dierent processes like scattering o boundaries, point-defects,
and other relevant excitations. Generally,  1 is dependent on temperature and
on frequency (!) for each process. For umklapp scattering processes that are
temperature dependent one can write [123, 124],
 11 = A
(1)!T  exp( T (1)u =T ) (7.3)
where, A(1) is a constant signifying the coupling strength, and T
(1)
u is a char-
acteristic temperature of the scattering process. However, the power laws for
the !- and T -dependence are not known for the case of magnetic excitations in
a 2D system. Thus, for a preliminary analysis we let  =  = 0. We also set
 =  = 1 because these empirically selected T -dependencies very well describe
the T -dependence of the mean free path due to magnetic excitations in the case of
S = 1
2
spin chain cuprates. For the scattering o point defects, the !-dependence
is neglected because at low temperatures !- and T -independent boundary scat-
tering dominates, whereas at higher temperatures which are at focus here, the
exponential umklapp terms dominate.
Recalling the approach based on the kinetic model that was discussed in sec-
tion 3.4.2, the expression for the magnetic heat conductivity mag can be written
as,
mag =
1
2
lmagvmagcmag (7.4)
where, cmag is the magnetic specic heat, obtained from theoretical calculations
(see section 3.4.2). Using the above equation, and the experimentally obtained
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Figure 7.4: Mean free path of the magnetic excitations as a function of temperature (lmag,
black open symbols). Fits weighted at low, high and full temperature ranges are shown as
blue, red and green curves respectively according to equation 3.39. The red open symbols
are points that have been excluded in the analysis, and the grey region shows the errors.
mag, one can easily extract lmag. The resulting magnon mean free path is plotted
in Fig. 7.4 as open circles.
lmag is now quantitatively analyzed in order to provide some insight into the
scattering mechanisms that might be present. As of now there is no rigorous
theoretical model for scattering processes of magnetic excitations in 2D. However,
in order to provide some preliminary quantitative insight into the scattering, we
attempt to analyze lmag using an empirical approach that considers two scattering
mechanisms, a T -independent scattering process and a T -dependent process. As
discussed above, we use the expressions for the scattering rates with an empirically
selected T -dependence and neglecting the !-dependence. Such a treatment has
been used earlier in literature for S = 1
2
spin chain compounds and has worked
surprisingly well (refer 5). Thus for the mean free path we have,
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l0 (A) T

u (K) As (10
3 m 1K 1)
Full T range 2992 840 1745 260 8:19 2:5
Low T range 3936 730 1083 250 0:154 0:3
High T range 1187 490 2421 290 1:6 6:8
Table 7.1: Fit parameters for the magnetic mean free path by equation 3.39. The errors
in the t parameters were extracted by tting lmag that was calculated by adding and
subtracting a maximum error of 30% in mag that stems due to a possible anisotropy in
phononic heat conduction.
l 1mag = l
 1
0 +
 
exp(T
(1)
u =T )
A
(1)
s T
! 1
: (7.5)
To check the validity of such a description of lmag, three ts weighted at dierent
temperature ranges were done (solid lines in Fig. 7.4). These weighted ts were
performed by restricting the tting routine to pre-dened temperature ranges.
The t-parameters are shown in the table 7.1. A t equally weighted on the
entire temperature range (green line), a t weighted at high temperature (red
line) and a low-T weighted t (blue line) were performed. We see that the full-T
range t fails to describe the experimental lmag well in the temperature range from
400 K to 813 K, and underestimates the data at T < 200 K. The low-T weighted
t describes the data very well in the temperature range 150 K - 300 K. However,
this low-T t strongly deviates from the experimental lmag above 300 K. The
experimental lmag decreases with increasing temperature more strongly than the
t does. The high-T weighted t also fails to model lmag in the entire temperature
range, tting the data well only at temperatures above T  300 K. T (1)u , which
gives the characteristic energy scale of the excitations that are involved in magnon
scattering processes, takes a value of more than 1000 K in the case of all three ts.
This indicates, one the one hand, that modelling magnon scattering by just one
exponentially T -dependent process and a T -independent process is not enough
to capture the scattering processes in La2CuO4 in the whole temperature range,
and that additional scattering mechanisms or a dierent functional form of it has
to be taken into account.
Assuming the exponential T -dependence of one scattering process to be rea-
sonable, we move a bit further with the treatment of the data. In order to check
for the presence of further scattering mechanisms, we specically include a sec-
ond energy scale in the empirical approach used above. Another T -dependent
umklapp-like scattering processes is introduced as,
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Figure 7.5: Magnetic mean free path lmag (open symbols), a t according to equation 7.7
that considers two energy scales (green line), the low temperature mean free path, l0, due to
boundary scattering (black line), and the two umklapp-like scattering terms of equation 7.7
that correspond to the lower (blue line) and higher (red line) energy scales are separately
plotted using the parameters obtained from the t.)
 12 = A
(2)!T  exp( T (2)u =T ) (7.6)
again with  =  = 0, and  =  = 1. So, apart from T -independent boundary
scattering, we now have T -dependent scattering processes for two energy scales
representative of two dierent modes. Thus we get,
l 1mag = l
 1
0 +
 
exp(T
(1)
u =T )
A
(1)
s T
! 1
+
 
exp(T
(2)
u =T )
A
(2)
s T
! 1
: (7.7)
Figure 7.5 shows the t to lmag according to equation 7.7, and the t parameters
are shown in the table 7.2. This t describes the experimental lmag well in the
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temperature range from 150 K to 700 K. A mean free path of l0 = 4204710 A
due to magnon-boundary scattering is obtained from this t, which agrees within
the error with the mean free path, l0 = 3500250 A, obtained by using the low-
temperature Boltzmann-like approach with a constant magnon mean free path.
The resulting characteristic temperatures T
(1)
u and T
(2)
u , which give us an idea
of the maximum energies of the modes that take part in the scattering, are found
to be  17 THz and  63 THz respectively. On comparing these frequencies
with frequencies of phonons experimentally obtained by L. Pintschovius et al.
[210, 211] on the isostructural La2NiO4 compound, we nd that the lower phonon
frequency ( 17 THz) can be associated with the breathing-mode of frequency
14.7 THz. Coupling of this mode to the magnons is physically justied as this
mode modulates the Cu-O-Cu coupling, thereby acting as a possible scatterer.
l0 (A) T
(1)
u (K) T
(2)
u (K)
Two energy t 4204 710 847 108 2759 360
Energy(THz) | 17 3:2 57 7:5
Table 7.2: Two-phonon energy t parameters for the magnetic mean free path according
to equation 7.7. The errors in the t parameters were extracted by tting lmag that was
calculated by adding and subtracting a maximum error of 30% in mag that stems due to
a possible anisotropy in phononic heat conduction.
The higher frequency of 57 THz ( 2800 K), however, is much larger than the
maximum possible phonon frequency ( 20 THz) that can be excited in this com-
pound. Thus, the second umklapp term in equation 7.7 cannot describe scattering
o phonons because of unphysical phonon frequencies. However, this high energy
mode could be in some way linked to the magnetism of this compound because
the energy scale is of the order of magnitude of the magnetic exchange coupling
in these compounds, J , which is around 1550 K. In phononic systems, the De-
bye temperature signies the characteristic energy scale for scattering processes
between phonons, and is supposed to be the maximum possible energy of a vibra-
tional mode. An analogous Debye temperature for magnons can be thought of as
the energy of the magnons at the zone boundary, i.e, the energy scale given by J .
Thus, presuming that very low-energy magnon-scattering processes are negligibly
important, the energy scale obtained from the t seems to capture scattering pro-
cesses due to interaction between magnons present at high temperatures in this
compound. However, such a deduction must be approached with some leniency
due to its speculative nature. As there hardly exists any knowledge in the litera-
ture about interaction between magnons in two-dimensional antiferromagnets and
about scattering processes between them with regard to magnon heat transport,
these experimental investigations provide a valuable input towards understanding
these issues.
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Figure 7.6: Magnetic mean free path (lmag, along with the correlation length () calculated
according to equation 7.7.)
Correlation length
It is intriguing to look at the spin-spin correlation length in this compound in
order to check for its possible relevance to the scattering term involving the high-
energy scale, that seems to exist as per the analysis. The mean free path (lmag)
and the spin-spin correlation length are compared in Fig. 7.6. The extraordinary
purity of the crystal grown in this work apparently leads to an enhancement of lmag
to a value close to the correlation length. The correlation length was calculated
according the expression that was introduced in section 3.4.2 [88, 91, 92] given
as,
=a =
e
8
c=a
2s
exp(2s=T )[1  1
2
(
T
2s
)] (7.8)
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where is s the spin stiness, and c is the spin wave velocity. For the S =
1
2
nearest neighbor 2D square lattice Heisenberg antiferromagnet, 2s = 1.15 J [88,
91, 92]. The correlation length for the correlation length contains a Boltzmann
factor exp(2s=T ), and a corresponding energy scale, which has a similar form
as lmag(T ), except for the factor T (see equation 7.7). This energy scale ( 1.5 J)
was in a range similar to that of the exchange coupling constant J . This similarity
in the energy scales of the possible high energy scattering process responsible for
reducing the mean free path, and that of the correlation length seems to suggest
that the correlation length might play a role in limiting the mean free path of
magnons. This raises the question of whether the spin-spin correlation length is
a physically signicant aspect in heat transport via magnons, and whether it is
responsible for temperature dependent scattering. It is worthwhile to mention
that the empirical model that has been used to try and describe T -dependent
magnon scattering is very elementary, and hence an interpretation based on the
ts should be not be forced.
However, more sophisticated theoretical calculations by Brenig and Cherny-
shev [212] suggest that in addition to scattering of magnons o phonons and
other magnons, the magnon heat conductivity is strongly inuenced by the spin-
spin correlation length and the downturn seen in the experimental mag at high
temperatures is reproduced well by considering the eect of the correlation length.
Thermal Hall eect
Also, experiments were performed on pure La2CuO4 in order to check for the
presence of the thermal Hall eect/magnon Hall eect, that has been recently
postulated and experimentally found to occur in magnetic insulators where there
exists signicant heat transport via magnons [213, 214]. However, in the limit
of the device sensitivity1 no visible thermal Hall voltage was detected in the
measurements.
7.1.3 Summary
Heat transport in the pure compound has been measured and studied for the rst
time up to very high temperatures ( 813 K). A good agreement between the
dynamic ash method used for measuring high temperature heat conductivity
1Keithley 2182/182 nanovoltmeter
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and the conventional steady state method is obtained over a wide temperature
regime. An unprecedentedly high magnetic heat conductivity has been measured
indicating that the quality of the grown single crystal is extraordinarily high.
At high temperatures mag strongly decreases compared to the phononic heat
conductivity, suggesting that additional temperature dependent scattering mech-
anisms, other than the temperature independent boundary scattering, are present
that limit conduction by magnons. Qualitative comparison of the experimental
mag to recent calculations seems to suggest that only taking into account the
scattering of magnons o boundaries and other magnons is apparently insu-
cient to fully describe the strong suppression of mag. The scattering of magnons
with other excitations like phonons could be in addition important to explain this
strong decrease. From our preliminary analysis of the experimental data based on
empirical models for scattering analogous to the phononic Callaway model, it is
seen that along with a T -independent boundary scattering process, two umklapp-
like T -dependent scattering terms seem to describe the temperature dependence
of mag in the entire measured temperature range. One of these terms having a
characteristic energy scale could correspond to phonon modes in the compound,
thus indicating the relevance of phonons in the scattering processes that limit
magnon heat conduction. The energy scale involved in the second term is of the
order of magnitude of the magnetic exchange coupling J . There are indications
that this high energy scale might be manifested through the correlation length
that possibly limits the mean-free path of magnons. Finally, a theoretical model
that treats T -independent and T -dependent magnon scattering processes with
boundaries, and other quasiparticles together, taking in to account a possible in-
uence of the spin-spin correlation length is required to explain the experimental
results and describe the physics of scattering in the La2CuO4 compound for the
whole temperature range. Finally, in order to better understand the role of point-
like defects and boundaries in magnon scattering processes, and the temperature
regimes in which they are observably dominant, single crystals of La2CuO4 with
small amounts of Ni and Zn doped at the Cu-site have been grown. Ongoing heat
transport measurements on these crystals will possibly give insight into the role
of substitutional impurities in limiting heat transport via magnons, i.e, whether
such impurities act as point-like defects or whether they act as boundaries for
the magnons, or whether their eect is just screened.
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Impurity eects I: Ni doped
SrCuO2 and Sr2CuO3
8.1 Heat transport
8.1.1 Sr2Cu1 xNixO3
Heat conductivities that were measured perpendicular to the spin chains (c)
of Sr2Cu1 xNixO3 for x = 0, 0.005, 0.01, 0.02 are shown in Fig. 8.1. c of the
undoped compound (x = 0), was described earlier in section 5.2, and its behaviour
as a function of temperature is similar to that of a purely phononic conductor.
Upon doping small amounts of Ni, the heat conductivity exhibits drastic changes.
For x = 0.005, contrary to conventional notion, c increases sharply to a very large
peak value of  770 Wm 1K 1. For x = 0.01, c increases further to an even
larger peak value of  1260 Wm 1K 1, more than three times the peak value
for the pure compound. Finally, for x = 0.02, c decreases to a value of  420
Wm 1K 1, but remains far above the peak value for the undoped compound.
This variation in magnitude of the peak of c, upon doping, is seen only in the
temperature regime of 7 K to 100 K. The heat conductivities above 100 K hardly
dier in the undoped and the doped compounds. The inset of Fig. 8.1 shows
the non-monotonic behavior of c as a function of the dopant's concentration.
The enhancement of c is maximum for x = 0.01. From the above, the trend of
change of the heat conductivity as a function of doping concentration seems to be
qualitatively similar for Ni-doped SrCuO2 and Sr2CuO3, though the magnitude of
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Figure 8.1: Heat conductivity (c) perpendicular to chain for dierent Ni concentrations
are plotted as a function of temperature; inset: the magnitude of the peak in c is plotted
as a function of the Ni concentration to illustrate the anomalous increase.
enhancement of the phononic conductivity is much larger in the case of Ni-doped
Sr2CuO3 (see section 5.2). This increase of the phononic heat conductivity upon
introducing defects in the material by impurity-doping, is counter-intuitive. As
discussed in section 3.3, typically a strong decrease in conductivity is observed
for phononic systems when the smallest concentration of impurity is introduced.
The thermal conductivities measured parallel to the chains (b) of Ni-doped
Sr2CuO3 are plotted in Fig. 8.2. b for the pure compound was described earlier
in section 5.2, where a signicant contribution from magnetic excitations was
responsible for a broad peak with a value of  500 Wm 1K 1, and a slower
high-T decrease, relative to c. Upon doping Ni the behaviour of b strongly
changes. For x = 0.005, b is strongly enhanced at low temperatures (. 80 K),
with a peak value of  820 Wm 1K 1. The shape of the curve, though, is very
dierent from that of the pure compound. A sharper and more phononic-like
peak is now observed in the x = 0.005 compound. For x = 0.01, b is enhanced
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Figure 8.2: Heat conductivity (b) parallel to chain for dierent Ni concentrations are
plotted as a function of temperature, inset: the magnitude of the peak in b is plotted as
a function of the Ni conentration to illustrate the anomalous increase.
even more up to a peak value of  930 Wm 1K 1, the peak-shape remaining
similar to the x = 0.005 case. Finally, for x = 0.02 the peak value is reduced to
 660 Wm 1K 1, but the value remains still higher than that for the undoped
case. The enhancement in b for the doped compounds is seen for temperatures
. 80 K, similar to that observed in the case of c. Above 80 K, b for the pure
compound remains larger than that for the doped compounds up to 300 K. Also,
above this temperature there is almost no variation in b as a function of the
doping concentration. The inset of Fig. 8.2 shows the non-monotonic behavior
of b as a function of the dopant's concentration. The enhancement of b is
maximum for x = 0.01, as in the case of c. Such a trend in b is not observed
for the Ni-doped SrCuO2 compound.
Judging from the shape and magnitudes of the curves for b, one can infer that
the magnetic contribution to b in the pure compound is strongly suppressed as
114
8.1. Heat transport
soon as the smallest amount of Ni is introduced into the system. Most of the
contribution to b in the doped compounds therefore arises due phonons. Thus,
overall, one can say that there is a strong enhancement of the phononic heat
conductivity in the system as a whole, both parallel and perpendicular to the
chains. The increase of phononic thermal conductivity in Ni-doped SrCuO2 is
not seen parallel to the chains in spite of the strong suppression of the spinon
heat conduction. The enhancement is observed only perpendicular to the chains
where no contribution from spinons is present (refer to Fig. 5.8 in chapter 5).
This is probably because in the ratio of spinon to phonon heat conductivities is
much lower in Sr2CuO3 than that in SrCuO2 (see section 5.2), and the relative
magnitude of increase of phononic conduction in the case of Ni-doped SrCuO2 is
low compared to the magnitude of the total heat conductivity for the undoped
compound parallel to the chains.
8.1.2 Spinon heat conductivity and mean free path
The spinon heat conductivity (mag) of the Ni-doped Sr2CuO3 series is extracted
by subtracting ? from k and is plotted in Fig. 8.6. Data only above 70 K
are presented and analyzed, because the errors due to a possible anisotropy in
phononic conductivity become fairly signicant below these temperatures. While
there is a large peak for the undoped compound, only a very small upturn is
present towards low temperatures in the set of curves for the doped compounds,
thereby indicating a strong suppression of spinon heat transport. There is a
monotonic decrease of mag as a function of doping, indicating that the anomalous
enhancement of c and b seen upon doping is due to the increase in phononic
conductivity. We now extract and analyze the spinon mean free path, under
the framework of the kinetic model (see section 3.4.1), to look at the scattering
mechanisms that are responsible to limit conduction due to spinons.
The spinon mean free path (lmag) for the pure and doped compounds is plotted
in Fig. 8.3 as open symbols. As expected from the behaviour of the magnetic
heat conductivity, the mean free path also gets smaller with increasing Ni-doping.
Reading o the y-intercept from the plotted graphs for lmag, at low temperatures
of around 100 K, the pure compound shows a very large mean free path of 
1200 A, whereas upon doping the slightest amount of Ni (x = 0.005), the mean
free path drops to  200 A. For x = 0.01 and x = 0.02 it drops to  150 A and
 80 A respectively. At room temperature the mean free path for x = 0.005 is
around half that of the undoped compound. Qualitatively, this indicates that Ni
acts as a strong scatterer of spinons propagating along the chains. We now try to
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model the temperature dependence of lmag by taking into account two scattering
processes, spinon-phonon scattering and spinon-defect scattering, as discussed in
section 3.4.1. The ts for the doped and undoped compounds are shown as solid
lines in Fig. 8.3.
Table 8.1: Fit parameters obtained by tting lmag for the Ni-doped Sr2CuO3 series by
equation 3.39. The errors in the t parameters were extracted by tting lmag that was
calculated by adding and subtracting a maximum error of 30% in mag that stems due to
a possible anisotropy in phononic heat conduction.
Ni l0 T

u As
content (A) (K) (106 m/K)
x = 0 5093 510 210 0:74 0:3
x = 0.005 282 45 210 1:12 0:44
x = 0.01 145 26 210 2:29 0:69
x = 0.02 90 10 210 2:83 0:8
For the tting procedure we have xed T u for the doped compounds to the value
obtained for the undoped compounds. The ts are quite good at temperatures
above 100 K. As discussed in section 5.2 the mean free path for the undoped
compound is explained by a general umklapp-like scattering process with phonons
and a temperature independent spinon-defect scattering rate. While it is still
possible to understand the high temperature part of lmag for the doped compounds
by this model, for low temperatures (below 100 K) this is no longer feasible due
to the signicant error in lmag (gray region in Fig. 8.3). The parameters of the
t are listed in table 8.1. As changes slightly as a function of doping but is of
the same order of magnitude for all doping levels. The slight variation in this
parameter accounts for uncertainties in determining mag, and a small variation
in the spin-phonon coupling strength in the pure and doped compounds. Second,
the spinon-defect scattering length l0, which represents a lower bound for the low-
T limit of lmag and which should signicantly depend on the sample's purity is
very dierent for the pure and the doped compounds and decreases sharply upon
doping. The doping dependence is most sensitive to the parameter l0, and thus
implies that Ni impurities mainly act as defect-like scattering centers for spinons.
This behavior of Ni as a strong defect-like scatterer, and the doping dependence
of lmag being modelled well by only two scattering processes is similar to that
found in the case of Ni-doped SrCuO2 (see section 5.2). We mention that at low
temperatures (below 100 K), the extraction of mag is prone to large error due
to anomalous increase of phononic heat conduction. As a result of large error,
an analysis of the spinon mean free path at these temperatures using the above
method would not be meaningful.
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Figure 8.3: Spinon mean free path (lmag) for dierent concentrations of Ni is plotted (open
symbols) as a function of temperature for Sr2CuO3 (the grey area gives the estimated error
due to the procedure of extraction of mag). The solid lines are ts according to lsp =
exp(T u=T )=AsT ); inset: a semi-log plot of lmag vs T , to clearly illustrate the changes upon
doping.
Fig. 8.4 shows the low temperature constant mean free path (l0) plotted against
the inverse of Ni concentration (1/x) and the mean Ni-Ni distance along the
chains of SrCuO2 and Sr2CuO3. There is a good scaling observed for l0 in both
the series of compounds with the inverse of Ni concentration as l0 = 2.65(1/x)A
for Ni-doped SrCuO2 and l0 = 1.47(1/x)A for Ni-doped Sr2CuO3, implying that
the eect of Ni is equally strong for all doping concentrations, and of a similar
nature for both the compounds. Also, a qualitative dierence between the mean
free paths for SrCuO2 and Sr2CuO3, with regard to the scaling is observed. For
SrCuO2, the mean free path of the excitations close in magnitude to the distance
between adjacent Ni atoms. However, for the case of Sr2CuO3, the mean free
path is much smaller than the average distance between neighbouring Ni atoms.
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(a) (b)
Sr Cu Ni O2 (1- ) 3x x SrCu Ni O(1- )x x 2
Figure 8.4: Spinon-defect scattering length, l0, is plotted against the inverse of Ni con-
centration (x) (lower x-axis) and the mean distance between two Ni atoms (upper x-axis)
for (a) Sr2CuO3 and (b) SrCuO2; the solid lines are linear ts to the data. The y-axis on
the right gives an idea of the mean free path in terms of the number of lattice spacings
between two Cu sites (d0).
8.1.3 Phonon mean free paths
We focus now in more detail on the unconventional enhancement of the phononic
heat conduction upon doping. In Fig. 8.5, the mean free path of phonons, lph, in
the single chain Sr2Cu1 xNixO3 and the double chain SrCu1 xNixO2 compounds
is plotted to illustrate its magnitude and doping dependence at low temperatures,
where the peak in the phononic heat conductivity occurs. This was calculated in
the framework of the kinetic model (see section 3.2) according to the equation
ph =
1
3
cphvphlph; (8.1)
where, cph, vph, lph are the specic heat of the phonon system, the velocity of
sound, and the phonon mean free path. The experimentally measured specic
heat (cp) for the undoped compounds Sr2CuO3 and SrCuO2 was used in the
above equation, as an approximation for cph for the doped compounds as well.
The change in phononic specic heat with increasing amount of Ni was neglected
as it is expected to be small for very low concentrations of Ni. The magnetic
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(a) (b)
Figure 8.5: Phonon mean free paths extracted using the kinetic model ( 3.2) for dif-
ferent doping levels of (a) the single chain Sr2Cu1 xNixO3, and (b) the double chain
SrCu1 xNixO2
compounds.
specic heat was assumed to be negligibly small. The velocity of phonons (vph)
was calculated according to [54],
v =
kB
~
(62n)1=3; (8.2)
where, n is the number density of atoms and D is the Debye temperature.
From these values and eq. 8.1, lph was calculated for each of the compounds.
Debye temperatures for the pure compounds Sr2CuO3 and SrCuO2 were taken
from literature [7, 10], and was assumed to be the same for the doped compounds.
lph has a large value at low temperatures in these compounds. lph is clearly
larger for the doped versions than for the pure compounds. As expected, lph at
low temperatures is the highest for the 1% doped SrCuO2 ( 5  105 A), and
for the SrCuO2 doping series the 0.25 % compound has the highest lph ( 3.5 
104 A). At around 40 K, the mean free paths for the pure and doped compounds
become small and very similar in magnitude.
In short, we have observed the following in heat transport experiments: In
Sr2CuO3, there is a very strong enhancement of both c and b upon doping Ni
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Figure 8.6: Spinon heat conductivity (mag) parallel to chain for dierent concentrations
of Ni is plotted as a function of temperature for Sr2CuO3 (the gray area gives the estimated
error due to the procedure of extraction of mag).
into the system due to an increase of the phononic conductivity both parallel and
perpendicular to the chains. Also, as discussed in section 5.2, the phononic heat
conductivity perpendicular to the chains (a) of Ni-doped SrCuO2 is strongly
enhanced upon doping, whereas heat conductivity parallel to the chains (c)
decreases as a function of doping.
It is well known that the peak at low temperatures in a purely phononic system
is determined by phonon-defect scattering alone (see section 3.3). This is the
reason why a decrease in the peak value is seen upon doping impurities into most
phononic conductors. Therefore, an enhancement of the phononic conductivity
seen upon doping Ni into Sr2CuO3 and SrCuO2 can only be understood by the
existence of an additional scattering mechanism that limits the heat conductiv-
ity in the undoped compound. Upon doping, this scattering mechanism is then
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suppressed gradually. Spinons are the only other known propagating excitations
within the spin chain in the undoped compound, giving rise to additional con-
tribution to the heat conductivity. Therefore, strong phonon scattering by spin
excitations (phonon-spinon scattering) present in the undoped compound is a
reasonable assumption.
Below we therefore investigate the low energy magnetic spectrum in more detail
in order to better understand the doping induced suppression of the conjectured
phonon-spinon scattering. For this, Nuclear Magnetic Resonance (NMR) and
Inelastic Neutron Scattering (INS) have been performed on Ni-doped SrCuO2
and Sr2CuO3.
8.2 Inelastic Neutron Scattering (INS)
Inelastic neutron scattering experiments were performed on 4 g of single crys-
talline SrCu0:99Ni0:01O2 to probe the spin excitation spectrum. Time of ight
(TOF) experiments were performed on the MAPS spectrometer at ISIS and the
SEQUOIA instrument at ORNL. Thermal 3-axis neutron experiments were done
at the IN8 spectrometer at ILL. Finally, cold neutron data were taken at TASP
3-axis spectrometer at PSI. A detailed discussion on the experimental method
and the ndings can be found in [215]. Here, a brief summary of the results that
are most relevant to this work is presented.
An indicative result of the neutron experiments is shown in Fig. 8.7(a), where it
can be clearly seen that there is a sudden decrease of spectral weight in the low-
energy region of the spin excitation spectrum, indicating the presence of a gap.
One can see two vertical streaks of intensity at qk = , which correspond to very
steeply dispersive magnetic excitations near the antiferromagnetic zone center.
There is a drastic suppression of the intensity of these lines and they vanish
completely at very low energies, indicating the presence of a spin-gap. S(!) =R
S(!; qk)dqk is plotted for dierent temperatures in Fig. 8.7(b), to show how the
spectral weight is suppressed strongly below  8 meV, at all temperatures.
The spin-gap does not seem to be the result of a spin-Peierls-like phase, as
no structural transitions were seen in calorimetric and Raman measurements.
However, it can be understood as a generic feature of a single chain with random
defects. Such a treatment has been theoretically done by Eggert and Aeck
[43], where they conclude that an S = 1 impurity severs the chains and remains
magnetically inactive. This points to the idea that the low energy dynamics
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Figure 8.7: (a)Time of ight (TOF) spectrum taken at T = 6 K and projected on the
plane of energy transfer (~) and momentum transfer along the chains (qk = hc); (b) The
experimentally obtained momentum integrated structure factor at dierent temperatures
using TOF (solid symbols) and three-axis (open symbols) spectroscopy. The lines are
calculated using 8.3 for 1.7% Ni concentration.
should be fully explained by eective chain fragmentation.
From the fragmented chains of dierent length, we must have nite-size gaps
that depend on the chain length as L = 0=L. This will result in a spin
pseudogap, a situation where a distribution of gap energies is present. To quantify
this eect, the momentum integrated structure factor S(!) has been calculated
using rather simple arguments as has been described in detail in [215]. The
resultant expression is,
S(!)  S1(!)( 
2~!
)2 arcsinh2(

2~!
) (8.3)
where, S1(!) is the structure factor for an innitely long perfect chain, and the
rest of the expression is a defect-induced gap `envelope' function which introduces
a typical gap .
This model quantitatively reproduces the observed data as seen in Fig. 8.8.
The experimentally obtained S(!) matches very well with S(!) that has been
calculated using the theoretical expression 8.3 for the case of 1.7% Ni concen-
tration. However, the model calculations for 1% Ni, do not match well with the
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Ni-doped SrCuO2
Figure 8.8: The experimentally obtained (symbols) and theoretically calculated (solid and
dotted lines) momentum integrated dynamic structure factor, S(!), for Ni-doped SrCuO2
at low temperatures of 2 K, 3 K and 6 K. Model calculations are according to equation 8.3
for the case of innite and fragmented S = 12 antiferromagnetic spin chains for dierent
doping levels.
experimental data for the 1% Ni-doped crystal. Two probable reasons for this
apparent disagreement could be either the empirical nature of the model, or a
possible deviation of the actual Ni content in the grown crystal. For SrCuO2,
the double chain structure can bring in uncertainty, as this can result in each
Ni site acting as a boundary for spinons in both the chains thereby eectively
doubling the Ni concentration and giving better agreement with theory. Inter-
estingly, the mean free path, l0, due to impurity scattering which was obtained
from the analysis of the heat transport experiments on the 1% Ni-doped SrCuO2
crystal, translates into an eective Ni concentration of  1.6% in the spin chains.
This result agrees very well with the concentration of Ni, 1.7%, for which the cal-
culations based on chain fragmentation physics matches with the experimental
data obtained from INS. However, the extreme depletion of spectral weight below
2 meV due to exponentially low probability of having very long chain segments
in the diluted system, is a feature of experiment that is perfectly captured by
the model. Recent neutron scattering measurements on Ni-doped Sr2CuO3 also
point to the existence of a spin-gap at low-energies of the spin excitation spectra
[216].
Thus, we see that Ni-doping opens a spin-gap of around 8 meV in the spin exci-
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Figure 8.9: Spin-lattice relaxation rates (T1 1) for (a) 1% Ni and 2% Ni doped Sr2CuO3,
and (b) 1% Ni doped SrCuO2 compounds [179].
tation spectrum in the case of both spin chain compounds SrCuO2 and Sr2CuO3.
This spin-gap is explained as a nite-size gap arising due to fragmentation of
chains.
8.3 Nuclear Magnetic Resonance (NMR)
The Cu63 NMR spin-lattice relaxation rates T 1
 1 were measured in elds around
7 T, and are plotted in Fig. 8.9. As has been discussed in section 5.2, for pure
SrCuO2, T 1
 1 is constant over a wide temperature range with an upturn at
low temperatures, in consistency with theoretical predictions (see Fig. 8.9(a)).
The relaxation curve of T 1
 1 for SrCu0:99Ni0:01O2 is constant at T > 120 K,
but decreases exponentially below a crossover temperature of  120 K. Such a
behavior is typical of a system where a gap is present in the low energy regime of
the spin excitation spectrum. From a t to the activated temperature dependence
of T1
 1, using [50], T 1 1 = const  exp ( =T ) an average activation energy of
around 200 K is obtained. Such an exponential decrease of T 1
 1 has also been
observed in the case of Ca-doped SrCuO2, where a spin-gap develops at low-
T [50]. Further, spin-lattice relaxation rates T 1
 1 measured for 1 % Ni-doped
Sr2CuO3 (see Fig 8.9(b)) also exponentially decreases below  200 K. However,
for 2% Ni-doped Sr2CuO3 the exponential decrease of T 1
 1 begins at a higher
temperature ( 170 K), and an average activation energy of around 400 K is
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obtained compared to 200 K for the 1% doped sample. Because the activation
energy and the crossover temperature are approximately doubled by increasing
the doping level from 1% to 2%, it could be inferred that the average gap energy is
twice as large in the case of 2% Ni-doping than in the case of 1% Ni-doping. Thus,
NMR measurements on the Ni-doped Sr2CuO3 and SrCuO2 indicate the presence
of a spin gap that roughly scales with the doping level. This is in good qualitative
agreement with INS measurements that observe a pseudogap behavior in the case
of 1% Ni-doped SrCuO2. Thus, the results from microscopic probes like NMR
and INS are consistent with the idea that Ni essentially causes fragmentation of
the spin chains.
8.4 Physical picture
Ni-doping thus leads to the observation of two interesting eects. It causes a
strong enhancement in the phononic conduction due to reduction of phonon scat-
tering, and it induces the development of a spin gap of  8 meV at low energies
of the spin excitation spectrum. The properties of this spin gap as probed by
NMR and INS, point to the presence of Ni-induced fragmentation of the spin
chains; a picture that is further evident from the heat transport measurements
where perfect scaling is observed for the spinon mean free paths due to impurity
scattering.
The unconventional enhancement of phononic heat conductivity that is ob-
served is puzzling. However, an explanation based on the idea that the spin gap
depletes the low energy phonon-spinon scattering phase space seems promising.
By looking at the dispersion relations for phonons and spinons in Sr2CuO3 and
SrCuO2, one sees that some of the low lying phonon branches lie in the same
energy regime of that of the low energy spinon branches [169, 215, 217]. The
phonons having small ~k lying close to the Brillouin-zone center lie in the energy
regime where the spin gap of  8 meV exists. Such an arrangement facilitates the
scattering between phonons and spinons in the undoped spin chain compounds.
Now, by creating a spin gap by doping Ni there arises a drastic depletion of the
density of low energy spinons that was partly responsible for scattering phonons
and lowering phononic heat conductivity. This dearth of scatterers now enables
phonons to much more eciently conduct and hence leads to a dramatic increase
in phononic heat conductivity.
Both parallel and perpendicular to the chains, the dramatic enhancement of
phonon is signicant only at low temperatures up to  80 K. At higher temper-
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atures the phononic heat conductivity for the undoped and doped compounds
merge. These observations are expected because of the following reasoning. It is
known that the eect of phonon-defect scattering processes are signicant only at
low temperatures where the peak in the heat conductivity occurs. Also, the size
of the gap in the Ni-doped samples is of the order of 100 K. This means that the
doping dependence of phonon-spinon scattering must be weak at higher temper-
atures where the gap can be energetically overcome. The population of thermally
excited phonons is large enough to have a high phonon-phonon scattering prob-
ability, that should be doping independent for small doping concentrations, and
mask the eect of the other relevant scattering processes.
Thus, interestingly, through heat transport experiments, Ni doping allows us
to see evidence for a strong phonon-spinon scattering channel present in both the
compounds. However, theoretical investigations of this scattering channel by con-
sidering a spin-phonon coupling must be undertaken in order to the understand
the mechanism more microscopically, and to explain quantitatively the above ex-
perimental observations. It is worth mentioning that, preliminary measurements
of NMR and INS on SrCuO2 doped with other impurities like Co and Zn, do
not detect the presence of a gap in the spin excitation spectrum [218]. However,
spinon heat transport is seen to be strongly suppressed in the doped compounds,
and the phonon heat transport is seen to be strongly enhanced (see Fig. A.3
and Fig. A.1 in Appendix A). Analogous to the case of Ni-doped SrCuO2, such
an enhancement of the phononic heat conductivity indicates the presence of a
spin gap in the Co- and Zn-doped compound. Thus, the preliminary results for
Co- and Zn-doped compounds seem to be contradictory and hence inconclusive.
However, these observations suggest that other than the fragmentation of chains
by impurities, the local eects that emerge in the vicinity of the dopant and eect
the physical properties of the compound, seems to depend on the kind of ion that
has been substituted.
8.5 Summary
For Sr2CuO3, heat conductivity measurements show that Ni-doping causes a
strong enhancement of the phononic conductivity at low doping levels, which
is seen in the measurements both parallel and perpendicular to the spin chains.
The spinon heat conductivity on the other hand is strongly suppressed. Upon
analyzing the mean free path of spinons using an empirical scattering model, one
sees that it is able to describe its temperature dependence at temperatures higher
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than 100 K, but taking into account only T -independent spinon-defect and T -
dependent spinon-phonon scattering. These observations for Ni-doped Sr2CuO3
are qualitatively similar to the case of Ni-doped SrCuO2, where the magnitude
of increase in the phononic conductivity upon doping Ni is smaller. This non-
intuitive increase of phononic heat conduction on making the system dirty, points
to the existence of a strong phonon scattering mechanism that limits the phononic
heat conductivity in the undoped compound and which is gradually suppressed
upon doping.
A spin gap is found to be present at low energies in the spin excitation spec-
trum of the Ni-doped Sr2CuO3 and SrCuO2 from NMR and INS measurements.
The emergence of this gap depletes low energy spinons that limited phononic
heat conductivity in the undoped compounds due to spinon-phonon scattering
processes. The unavailability of these spinons in the doped compounds that are
gapped, reduces scattering of phonons and thereby enhances the phononic heat
conductivity. Thus, we indirectly observe the opening of the spin gap in the
heat conductivity measurements of Ni-doped SrCuO2 and Sr2CuO3. Therefore,
a magnetic impurity like Ni strongly aects the spin excitation spectrum and
spinon transport in these materials which are very good approximations of S = 1
2
Heisenberg chains. Such an impurity also reveals a very strong spin-phonon cou-
pling and thus the importance of the scattering mechanism between phonons and
spinons in limiting heat conduction at low temperatures. This clear evidence of a
strong spin-phonon coupling in the two quasi 1D systems, Sr2CuO3 and SrCuO2,
encourage further studies on probing the nature of this coupling and its eects
on scattering mechanisms.
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Impurity eects II: Ca doped
Sr2CuO3
9.1 Heat transport
9.1.1 Heat conductivity parallel and
perpendicular to spin chains
Fig. 9.1 shows the heat conductivity of the pure and doped compounds as a
function of temperature, measured along the direction of the spin chains (b(T )).
Upon doping, the broad peak in b(T ) at  20 K is reduced from  512 W
m 1K 1 at x = 0 to  350 W m 1K 1 at x = 0.01, and the shape of the curve
changes. The broad peak in the undoped compound develops into a sharper
phononic-like peak and a shoulder indicative of spinon contribution that has now
reduced in magnitude. Increasing the Ca content to x = 0.05 further suppresses
the peak of b to  195 W m 1K 1, and this trend continues up to x = 0.5. In
the inset of Fig. 9.1, we see that for higher doping concentrations (x = 0.1 and
x = 0.5) the heat conductivity shows a positive slope above  100 K up to 300
K. Whereas, for lower concentrations (x = 0.01 and x = 0.05) a negative slope
exists up to 300 K, as in the case of the undoped compound.
Fig. 9.2 shows the heat conductivity measured perpendicular to the spin chains
(c(T )). Upon doping increasing amounts of Ca, the peak magnitude of c(T )
gradually decreases as is expected for a purely phononic system due to increased
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Figure 9.1: Heat conductivity b as a function of temperature, measured parallel to the
chains. Inset: A semi-log plot of b versus temperature to better illustrate the changes
upon introducing disorder.
scattering of phonons o Ca impurities. The black solid curves in Fig. 9.2 show
ts for all Ca concentrations employing the Callaway model for phononic heat
tansport [123]. From Fig. 9.2 we see that the ts are good and the temperature
dependence of the heat conductivity perpendicular to the spin chains is per-
fectly consistent with pure phononic heat transport. Decreasing magnitudes of
c with increasing concentrations of dopant can be captured in the model mainly
by changing the parameter related to the phonon-defect scattering probability,
thereby indicating enhanced scattering.
It is worth mentioning that Ca-doping creates a spin-gap of a magnitude  
50 K in the spin excitation spectrum of Sr2CuO3 [219]. However, the size of this
gap is almost half of that of the gap present in the case of Ni-doped Sr2CuO3,
which is around 100 K. As the size of a gap is relatively small in the case of Ca-
doping, its eect on the phonon heat conductivity is not as strong as in the case
of Ni-doping, where a drastic enhancement of the phononic heat conductivity is
seen (see chapter 8).
We model the phononic heat conductivity perpendicular to the chains using a
phenomenological model devised by Callaway (see section 3.3.1). Fig. 9.2 shows c
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Figure 9.2: Heat conductivity c as a function of temperature, measured perpendicular to
the chains. Inset: A semi-log plot of c versus temperature to better illustrate the changes
upon introducing disorder. The solid black curves are ts to the curves according to the
Callaway model.
Table 9.1: Callaway t parameters for the c(T ) curves.
Ca B b A L D
content(x) (10 31 K 1 s2) (10 44 s3) (10 4 m) (K)
0 3.55 2.41 0.31 2.98 261 K
0.01 5.07 2.80 1.42 7.82 265 K
0.05 6.13 2.84 3.69 4.72 262 K
0.1 8.35 3.13 9.77 10.7 262 K
0.5 8.60 4.36 13.82 0.17 265 K
(T ) for all Ca concentrations and the corresponding Callaway ts. The obtained
values of the free parameters from the best t are given in Table 9.1. c (T ) for
the pure compound was t rst, and then c (T ) for the doped compounds were
tried to be t by keeping all other parameters except A xed, i.e. only varying
the phonon-defect scattering strength. It was found that it is not possible to
t the c (T ) curves just by changing this parameter. To obtain good ts, the
intra-phonon scattering parameters and the boundary scattering length also had
to be varied. One can see that the parameter A steadily increases with increasing
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concentration of Ca defects indicating the increasing strength of phonon-defect
scattering, which is mainly responsible for the reduction of c (T ) upon doping.
The dierence in boundary scattering parameters only indicates a dierence in
the sample geometries. Finally, a small variation in parameter B could imply that
the dopant possibly induces slight changes in the phononic dispersion branches,
thereby aecting the scattering strength between phonons, in addition to playing
the role of defects-like scatterers.
9.1.2 Spinon heat transport
It is well known that subtracting c from b provides a good estimate of the
spinon heat conductivity (mag(T )) [6{10]. Fig. 9.3 shows mag(T ) for dierent
doping levels of Ca. Here, we can see that mag(T ) drastically decreases for the
Ca-doped samples. Strong suppression of mag indicates that in the doped com-
pounds spinon transport is gradually impeded as a result of increasing scattering
of spinons o defects induced by increasing amounts of Ca. For higher doping
concentrations, x = 0.1 and 0.5, we can clearly see that mag increases at higher
temperatures, with an almost linear increase for x = 0.1. This interesting obser-
vation reects the intrinsic properties of spinon transport in a S = 1
2
Heisenberg
spin chain as will be explained in more detail further below. The grey regions
around the curves of x = 0.05 and 0.5 doped Ca depict the uncertainty in mag
1.
We now analyze mag by extracting the mean free path of spinons, lmag. As
discussed in section 3.4.1, it can be approached in two ways. One is by treating
the low temperature spinon transport in the framework of a semi-classical kinetic
model, and the other is to use the more microscopic Drude weight approach. The
low temperature behaviour of the Drude weight of a Heisenberg chain is linear in
temperature and is given as,
Dth =
(kB)
2
3~
vT; (9.1)
where v is the spinon velocity and kB is the Boltzmann constant. The relation
between the mean free path and the thermal conductivity can be given as,
1As the method for extraction of magnetic heat conductivity relies on the assumption of
isotropic phononic heat conduction, there could always be an error in our estimation that stems
from the anisotropy of phononic conduction parallel and perpendicular to the chains. This error
is large at low temperatures as the magnitudes of b and c are large in this regime, thus creating
signicant uncertainty in the extracted mag. The errors have been calculated by taking into
account a 30% anisotropy in the phononic heat conductivity parallel and perpendicular to the
chains.
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Figure 9.3: Magnetic heat conductivity mag as a function of temperatures for the undoped
and the Ca-doped compounds. Inset: A semi-log plot of mag versus temperature to more
clearly show the increase of mag with increasing temperature for higher concentrations of
Ca. Solid black lines are mag recalculated using the ts for lmag and Eq. 9.2. The grey
regions, shown exemplarily for x=0.05 and x=0.5, depict the uncertainties associated with
the extraction of mag.
lmag =
3~
Nsk2BT
mag; (9.2)
where Ns = 2=ab is the number of spin chains per unit area.
9.1.3 Spinon mean free path
Eq. 9.2 is used to extract and analyze the spinon mean free path. lmag, as a
function of temperature for the pure and doped Sr2CuO3 is plotted in Fig. 9.4,
the inset showing a semi-log plot of the same. Upon doping, the magnitude of
the mean free path at low temperatures strongly and monotonically decreases,
the trend being similar to that observed in mag. In all cases, lmag decreases
with increasing T . Note that lmag for x = 0.5 is nearly constant at temperatures
above 100 K, whereas for lower concentrations we see a temperature dependent
decrease. As has been pointed out already for the pure compound [7, 8, 10],
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Figure 9.4: Mean free path of spinons as a function of temperature lmag(T ) and the ts
according to Eq. 9.3. The grey regions around the curve for x = 0.05 and x = 0.5 depict
the uncertainty associated with the calculation of lmag. Inset: a semi-log plot of lmag versus
temperature.
the T -dependent decrease can qualitatively be well explained by spinon-phonon
scattering which becomes increasingly important with rising T . The doping-
induced shortening of the mean free path can be qualitatively ascribed to strong
spinon scattering due to Ca-induced disorder in the doped compounds. We now
attempt to model lmag(T ) using Matthiesen's rule and taking into account two
scattering processes for spinons, viz. spinon-defect scattering and spinon-phonon
scattering (see section 3.4.1). Thus we have l 1mag = l
 1
0 + l
 1
sp , where l0 describes
the T -independent spinon-defect scattering whereas lsp(T ) accounts for the T -
dependent spinon-phonon scattering. For the latter, we assume a general umklapp
process with a characteristic energy scale kBT

u of the order of the relevant phonon
energies, which is commonly used in literature [6, 8{10, 141]. Thus we get the
expression,
l 1mag = l
 1
0 +

exp (T u=T )
AsT
 1
; (9.3)
which can be used to t the data with l0, As and T

u (As is a measure of the
coupling strength) as free parameters.
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Figure 9.5: Magnetic heat conductivity mag as a function of temperature for x = 0.1 and
x = 0.5 compounds. Solid lines are mag recalculated using the ts for lmag and Eq. 9.2.
Grey regions around the curve indicate the uncertainties in mag.
The ts for the undoped and doped compounds are shown in Fig. 9.4 and
the t parameters in Table 9.2. We obtain good ts for the pure and x = 0.01
compounds in the temperature range from 50-300 K, and for the x = 0.05, 0.1,
0.5 compounds the ts are good in the temperature range from 150-300 K. It is
apparently enough to take into account just spinon-defect scattering to describe
the doping dependence of lmag and umklapp-like spinon-phonon scattering to
explain the T -dependence of lmag, where the latter remains essentially the same
upon doping. In order to t the data, we have xed T u as 210 K (obtained
by tting lmag for the pure compound) for the whole doping series allowing l0
and As to vary. In the model, T

u stems from the characteristic energy scale
kBT

u of the umklapp process, which is of the order of the Debye energy [9, 10]
suggestive of acoustic phonons being involved in the scattering process. Hence,
it is physically justied to x T u for the doped compounds, as the Debye energy
is not expected to change substantially with doping. As changes slightly as a
function of doping but is of the same order of magnitude for all doping levels.
The slight variation in this parameter accounts for uncertainties in determining
mag, and a small variation in the spin-phonon coupling strength in the pure and
doped compounds.
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The spinon-defect scattering length l0, which represents a lower bound for the
low-T limit of lmag and which should signicantly depend on the sample's purity,
decreases strongly upon doping and is very dierent for the pure and the doped
compounds as can be seen in Table 9.2. This parameter is most sensitive to
changes in the Ca concentration, indicating that Ca defects primarily act as
ecient barriers for the propagating spinons, i.e the disorder-induced scattering
can be well described by intra-chain defects. We mention that the deviation of
the experimentally extracted lmag from the ts at low temperatures (. 150 K) can
be attributed to the large error inherent in lmag which is shown by the grey region
surrounding the curves. As this error is large for the heavily doped compounds
where the mean free paths are small, the ts are expected to be inaccurate at low
temperatures.
Table 9.2: Fit parameters obtained by tting lmag by Eq. 9.3. The errors in the t
parameters were extracted by tting lmag that was calculated by adding and subtracting a
maximum error of 30% in mag that stems due to a possible anisotropy in phononic heat
conduction.
Ca l0 T

u As
content(x) (A) (K) (105 m/K)
0 5093 510 210 0:74 0:3
0.01 1139 140 210 8:19 1:35
0.05 212 38 210 4:85 1:1
0.1 127 19 210 4:2 0:88
0.5 48 13 210 1:19 0:53
Using the ts obtained for lmag, we can recalculate mag using Eq. 9.2, and plot
these curves (black solid curves in Fig. 9.3) over the experimental curves to have
a further illustration of the analysis. These recalculated curves, within the kinetic
model, give us a good idea of the evolution of mag in the entire temperature range,
from the dilute doped compound, where it smoothly decreases with increasing
temperatures, to the heavily doped compound where it increases almost linearly
with increasing temperatures.
We now turn in more detail to mag for the x = 0.1 and x = 0.5 doped com-
pounds for which a monotonic increase with rising T is found (Fig. 9.5). Re-
markably, an almost linear temperature dependence above T  150 K is seen
for x = 0.5. Such a linear temperature dependence of mag has been observed
before in the highly disordered quasi one-dimensional compound CaCu2O3 and
reveals the intrinsic temperature dependence of the heat transport of a S = 1
2
Heisenberg chain [30]. It is well known that the temperature independent spinon-
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Figure 9.6: Spinon-defect scattering length, l0, is plotted against the inverse of Ca concen-
tration (x) (lower x-axis) and the mean distance between two Ca atoms (upper x-axis) for
SrCuO2 (open symbols) and Sr2CuO3 (lled symbols); the solid lines are linear ts to the
data. The y-axis on the right gives an idea of the mean free path in terms of the number
of lattice spacings between two Cu sites (d0).
defect scattering mechanism that leads to a temperature independent lmag is the
dominant mechanism at low temperatures and at higher temperatures spinon-
phonon scattering becomes dominant. Having large number of defects in the
chain, which is the case for the doped compounds, will enhance the probability
of spinons scattering o defects over that of spinons scattering o phonons. If
the defect concentration is suciently high, the temperature dependence of the
spinon-phonon scattering mechanism can be completely masked by the temper-
ature independent spinon-defect scattering mechanism and, in turn, lead to a
temperature independent spinon mean free path, i.e. a temperature independent
scattering time  . Thus, the T -dependence of the experimental mag represents
directly that of the thermal Drude weight (Eq. 9.1).
Finally, in order to investigate the Ca-induced scattering process further, we
plot the obtained values of the spinon-defect scattering length l0 as a function of
the mean distance between two Ca atoms and the inverse of Ca concentration in
Fig. 9.6. Here, we see that l0 scales perfectly with the inverse of Ca concentration
as l0 = 2.93(1/x) A  3d0, where d0 = 3:91 is the lattice spacing between two
Cu sites along the chain [166, 172]. This corroborates that the Ca-induced bond
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disorder can perfectly be captured in terms of eective defects in the chain, where
the scattering probability per defect is equally strong at all concentrations. From
this plot we also see that the Ca-Ca distance is smaller by a factor of 3 than the
spinon-defect scattering length l0.
We compare this nding with the results of a recent analogous study of the Ca-
doped double spin chain compound, SrCuO2 [58] (open symbols in Fig. 9.6). For
this compound we see that l0 can be described as l0 = 4:3(1=x) A + llim, where
llim ( 140 A) is an oset. Therefore, the spinon-defect scattering length, l0,
does not scale with the inverse of the Ca concentration, indicating that already at
intermediate concentrations (x = 0.1) the eect of Ca saturates and the mean free
path of spinons is not reduced any further upon increasing the Ca concentration.
This is dierent from the perfect scaling that we observe for the single chain
compound. The oset observed in Ca-doped SrCuO2 was interpreted to be due to
a limit set by the disorder-induced long distance decay of the spin-spin correlation
(),  being calculated for a single S = 1
2
Heisenberg chain [58]. However, this
claim does not seem to be valid in our case as the eect of Ca is equally strong
at all doping levels. Thus, the proposed connection between the two quantities
ought to be just a coincidence. The physical origin of the dierence in the eect
of Ca-induced bond disorder for the two compounds SrCuO2 and Sr2CuO3, that
essentially dier only in the structure of the spin chains, remains unclear though.
9.2 Summary
The eect of introducing an o-chain impurity like Ca, thereby creating bond dis-
order, on the heat transport of the prototype single spin chain compound Sr2CuO3
has been studied. A drastic suppression of the magnetic heat conductivity par-
allel to the chains indicating that the propagation of spinons is very sensitive to
even the slightest bond disorder is observed. The temperature dependence of the
mean free path of spinons can be modelled by spinon-defect and spinon-phonon
scattering processes, and the reduction of the mean free path upon doping is ac-
counted for mainly by increased scattering of spinons o eective in-chain defects,
where the scattering probability per defect is equally strong in the entire doping
range. This result is very dierent from the case of Ca-doped double spin chain
compound SrCuO2.
Interestingly, large disorder present in the compounds doped with high con-
centrations of Ca leads to a linearly increasing intrinsic spinon heat transport
of the spin chain due to prevailing spinon-defect scattering and thus a vanishing
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temperature dependence of the spinon mean free path. Thus, Ca-doped Sr2CuO3
represents a unique case where the impact of impurities can be studied in a wide
range of doping, covering very clean as well as very dirty limits.
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Chapter 10
La8Cu7O19: Properties
After having discussed the single crystal growth of the ve-leg ladder compound,
La8Cu7O19, in section 6.3.3, here we rst discuss details of its crystal and mag-
netic structures that were determined using single crystal x-ray diraction and
elastic neutron diraction respectively. Then, as preliminary results, the mea-
sured physical properties of this compound, namely the magnetic susceptibility,
specic heat, heat conductivity and thermal expansion are briey discussed.
10.1 Crystal structure
Single crystal diraction was performed at room temperature using a Bruker
AXS Kappa APEX II CCD four-circle single crystal diractometer with a Mo
K source. A total of 13480 reections (nint) were measured in the recording
range of  = 27. The obtained lattice parameters were, a = 13.8261(16) A, b
= 3.7532(4) A, c = 34.585 A,  = 99:331(5), and are in good agreement with
that obtained from the powder data from this work (see section 6.3.3) and that
from literature [52, 184{186]. The obtained space group C2=c led to 2023 unique
reections (nall). The good quality of the t is evident from Rall = 0.0362 and Rint
= 0.0301. The atomic positions of dierent sites obtained from this measurement
are summarized in Table 10.1, and were similar to that obtained from the powder
diraction pattern renement. In addition, these rened atomic positions were
very similar to that obtained using neutron diraction on the same single crystal
[220]. Also, chemical disorder as a factor being responsible for unrenable residual
intensities in the powder x-ray diraction pattern (section 6.3.3) can be discarded
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Figure 10.1: The picture (a) shows the unit cell of La8Cu7O19; smallest spheres: O, largest
spheres: La, lled black spheres: Cu. The crystallographically inequivalent Cu atoms are
marked. Cu4 atoms are the tetrahedrally co-ordinated Cu4 sites between the ladder planes.
The rungs of the ladder are indicated by bold lines; (b) depicts the joining of two ve-leg
ladder units, where one can see Cu3 and Cu4 atoms forming a complex ribbon-like structure.
The distorted octahedra formed by the dierent Cu atoms are also indicated; (c) depicts
the arrangement of Cu3 and Cu4 atoms on the puckered leg (bold lines), and of those
between the ladder planes. The tetrahedra formed by Cu4 atoms and the strongly distorted
octahedra formed by Cu3 atoms are also shown. In (b) and (c) only Cu and O atoms are
shown for clarity.
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Table 10.1: The quality of the renement and the rened atomic positions and
displacements obtained from single crystal diraction
a = 13.8261(16)A
b = 3.7532(4)A
c = 34.585A
 = 99:331(5)
Data collection
nint = 13480
nall = 2023
Rint = 0.0486
all = 1:19
 - 27:48
Renement
Rall = 0.0362
Atom Wycko position x y z
La1 8f 0.43670 0.9773(2) 0.31760
La2 8f 0.29960 0.4658(2) 0.39370
La3 8f 0.55190 0.0073(2) 0.42270
La4 8f 0.18130 0.4830(2) 0.28850
Cu1 4e 0 0.9805(4) 1/4
Cu2 8f 0.6199(1) 0.4845(3) 0.35790
Cu3 8f 0.7342(1) 0.5059(3) 0.46920
Cu4 8f 0.5864(1) 0.3774(4) 0.52270
O1 4e 0 0.480(3) 1/4
O2 8f 0.5610(5) 0.4827(19) 0.4135(2)
O3 8f 0.6781(5) 0.4951(19) 0.031
O4 8f 0.6202(5) 0.9822(18) 0.3581(2)
O5 8f 0.7364(6) 0.4950(18) 0.5279(2)
O6 8f 0.7775(6) 0.472(2) 0.3359(2)
O7 8f 0.6130(5) 0.054(2) 0.5666(2)
O8 8f 0.5495(5) 0.527(2) 0.4701(2)
O9 8f 0.4547(5) 0.462(2) 0.3722(2)
O10 8f 0.3384(6) 0.476(2) 0.2693(2)
as there was no such observable disorder in the single crystal x-ray diraction
measurements.
Fig. 10.1 shows the unit cell and the dierent copper sites. The legs of the
rungs run along the b-axis ([010]). The rungs of the ladder (shown as bold lines
in Fig. 10.1) run parallel to the [101] direction. Cu1 atoms lie at the center of
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Table 10.2: Main Copper-Oxygen bond angles and bond distances, where superscripts
denote the following positions: (i) -0.5+x, 0.5+y, z; (ii) x, 1+y, z; (iii) 0.5+x, 0.5+y, z;
(iv) 0.5+x, -0.5+y, z; (v) 1-x, 1-y, 1-z; (vi) 1-x, -y, 1-z; (vii) -0.5+x, -0.5+y, z; (viii) x,
-1+y, z; (ix) 0.5-x, 0.5+y, 0.5-z; (x) 0.5-x, -0.5+y, 0.5-z; (xi) -x, y, 0.5-z; (xii) 1.5-x,
1.5-y, 1-z; (xiii) 1.5-x, 0.5-y, 1-z; (xiv) 1-x, y, 0.5-z.
Atoms bond distance (d) Atoms Bond angle
(A) (deg)
Cu1-O1 1.879(10) O1ii-Cu1-O1 180.00(1)
Cu1-O1ii 1.874(10) O1ii-Cu1-O2ix 89.8(2)
Cu1-O2i 1.915(6) O1-Cu1-O2ix 90.2(2)
Cu1-O2ix 1.915(6) O1ii-Cu1-O2i 89.8(2)
Cu1-O10i 2.434(8) O1-Cu1-O2i 90.2(2)
Cu1-O10ix 2.434(8) O2ix-Cu1-O2i 179.5(4)
O1ii-Cu1-O10ix 90.4(2)
O1-Cu1-O10ix 89.6(2)
O2ix-Cu1-O10ix 90.7(3)
O2i-Cu1-O10ix 89.3(3)
O1ii-Cu1-O10i 90.4(2)
O1-Cu1-O10i 89.6(2)
O2ix-Cu1-O10i 89.3(3)
O2i-Cu1-O10i 90.7(3)
O10ix-Cu1-O10i 179.2(4)
Cu2-O2 1.914(7) O4-Cu2-O4viii 179.5(5)
Cu2-O3 1.963(7) O4-Cu2-O2 90.5(3)
Cu2-O4 1.868(7) O4viii-Cu2-O2 90.0(3)
Cu2-O4vii 1.885(7) O4-Cu2-O3 88.6(3)
Cu2-O9 2.417(7) O4viii-Cu2-O3 90.9(3)
Cu2-O6 2.421(8) O2-Cu2-O3 178.6(3)
O4-Cu2-O9 92.0(3)
O4viii-Cu2-O9 88.0(3)
O2-Cu2-O9 86.2(3)
O3-Cu2-O9 92.9(3
O4-Cu2-O6 91.1(3)
O4viii-Cu2-O6 88.9(3)
O2-Cu2-O6 87.4(3)
O3-Cu2-O6 93.6(3)
O9-Cu2-O6 172.9(3)
Cu3-O3 1.955(7) O5xii-Cu3-O5xiii 155.8(5)
Cu3-O5 2.027(8) O5xii-Cu3-O3 96.8(3)
Cu3-O5xii 1.916(7) O5xiii-Cu3-O3 94.5(3)
Cu3-O5xiii 1.923(7) O5xii-Cu3-O5 89.9(3)
O5xiii-Cu3-O5 87.6(3)
O3-Cu3-O5 157.7(3)
Cu4-O5 2.100(8) O8-Cu4-O7 158.3(3)
Cu4-O7 1.935(7) O8-Cu4-O8v 87.3(3)
Cu4-O8 1.890(7) O7-Cu4-O8v 94.5(3)
Cu4-O8v 1.968(7) O8-Cu4-O5 97.5(3)
O7-Cu4-O5 90.3(3)
O8v-Cu4-O5 154.3(3)
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the ve-leg ladder and Cu3 atoms at the edge of the ladder. Cu2 atoms are the
ones lying between Cu1 and Cu3 sites. Cu atoms at sites Cu1, Cu2 and Cu3
lie at the center of corner-sharing octahedra formed by oxygen atoms. These
octahedra are slightly distorted with regard to the angles that the central Cu
atom makes with the in-plane oxygen atoms (in-plane O-Cu-O bond angle) and
with the apical oxygen atoms (apical O-Cu-O bond angle,) i.e, the in-plane or
apical O-Cu-O bond angle is not exactly 180. The in-plane and apical oxygen
atoms of the octahedra are shown in picture (b) of Fig. 10.1. The distortion of
the octahedra increases as we move from the center of the ladder (Cu1) to the
edge of the ladder (Cu3). The Cu1 octahedron has no apical distortion but has
a small in-plane distortion of 0:494(6) along the rungs. The Cu2 octahedron
has an apical distortion of 0:501(3) and an in-plane distortion of 1:371(1) along
the rungs. The Cu3 octahedron is highly distorted, apically by 24:254(3) and
in-plane by 22:287(9). The distortions of the Cu1 and Cu2 octahedra are too
small to be illustrated, but the distortion of the Cu3 octahedron can be clearly
seen in pictures (b) and (c) of Fig. 10.1. The Cu3 octahedral distortion is strong
enough to pucker the leg structure formed out the Cu3 atoms. This can again be
seen in pictures (b) and (c) of Fig. 10.1.
Importantly, there are also Cu atoms (Cu4) that occupy sites in the structure
that lie in-between ladder planes, thereby providing magnetic exchange paths for
interaction between two adjacent ladder-planes. The copper atoms at these sites
do not lie at the centers of oxygen octahedra but at the center of distorted edge
sharing tetrahedra. Adjacent ladder planes are bridged by these edge-sharing
tetrahedra along the a-axis ([100]). In pictures (b) and (c) of Fig. 10.1 one
can also see that apart from near 180 Cu-O-Cu bond angles, there are near
90 Cu-O-Cu bonds for Cu atoms at sites where two ve leg ladders join. The
arrangement of Cu4 and Cu3 atoms provides for more than one oxygen-mediated
exchange path for interaction between them. As examples of such exchange paths
along bonds between the Cu3 and Cu4 sites are marked as dotted lines in picture
(b). Such strong variations in environment and bond angles as a function of
crystallographic position could severely modify the type of exchange interactions
and magnitude of ordered Cu moments. Some of the important bond angles and
distances are listed in Table 10.2. Hence, apart from the ve-leg ladder unit the
unit cell has a complicated alternating ribbon-like structure formed by Cu4 and
Cu3 atoms that runs along the a-axis, almost perpendicular to the ladder planes.
The picture (c) in Fig. 10.1 illustrates the complex arrangement of Cu3 and Cu4
atoms that connect adjacent ladder planes. These ribbon-like structures, that
comprise of tetrahedrally centered Cu4 and the strongly distorted octahedrally
centered Cu3, together with the distortions of the Cu1 and Cu2 octahedra, could
very well be crucial in determining the nature of magnetism that arises in this
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Figure 10.2: Specic heat (Cp: blue symbols) in the temperature range around 103 K,
the black line is a guide to the eye. Inset: Cp in the entire temperature range from 0.6 K
to 300 K to illustrate the T -dependence.
compound. These important structural parameters must be taken into account
in any interpretation of theoretical or experimental results that aims at giving
insight into the microscopic origin of the magnetic properties of this compound.
10.2 Specic heat
Specic heat of this compound was measured on this compound in the tempera-
ture range 0.6 K to 300 K (Fig. 10.2) using the Physical Property Measurement
System (PPMS) by Quantum Design. A signicant anomaly is seen at  103 K,
which indicates that there is a bulk transition in the material. In order to check
whether this transition has a magnetic origin the bulk magnetic susceptibility
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was measured.
10.3 Magnetic susceptibility
Fig. 10.3 shows the susceptibility curve measured in a magnetic eld of 0.2 T.
The susceptibility along all three principal directions shows a broad maximum at
temperature  180 K, below which it smoothly decreases. At  103 K, there is an
anomaly seen in theM(T ) curve, which coincides with antiferromagnetic ordering
reported in the literature [183]. This anomaly is anisotropic along the b and c
axes, and does not appear along the a-axis. Susceptibility was also measured
at higher magnetic elds up to 7 T, but there was no eect on the transition
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temperature. As there is no structural transition occurring in the material at
this temperature as has been veried by neutron diraction, the anomaly at 103
K is attributed to magnetic ordering in the material.
Qualitatively, the broad maxima in the M(T ) curves resemble the Bonner-
Fisher type susceptibility of a S = 1
2
Heisenberg chain [69]. In fact, the magnetic
susceptibility of an odd-leg ladder is expected to be very similar to that of a single
chain [51, 163, 182]. It is therefore, tempting to interpret the data along these
lines. The broad maxima in M(T ) typically appears at a temperature of around
0.64 J in 1D S = 1
2
Heisenberg chains, thereby indicating the strength of the
magnetic interactions [68]. The value of J in spin ladder and spin chain cuprates
wherein octahedrally coordinated Cu spins are coupled via the oxygen mediated
superexchange are typically in between 1000-2000 K [168, 173, 221].
This fact indicates that the peak of observed at  180 K is not related to the
ve-leg ladder structure of the Cu-O-Cu network (see Fig. 10.1). However, a
likely candidate which is responsible for this peak could be the complex ribbon-
like structure formed by the Cu3 and Cu4 atoms shown in Fig. 10.1(b), i.e., the
Cu-O-Cu network at the edges of the ladders and between the ladder planes, with
Cu having highly distorted octahedral and tetrahedral environments, rather than
a typical octahedrally centered Cu spin. Such a structure could alter the exchange
coupling strengths between these Cu spins and give rise to a second energy scale
that in turn becomes responsible for the maxima in the magnetization at lower
temperature.
10.4 Muon spin resonance (SR)
Muon spin resonance spectroscopy was performed on this compound at temper-
atures above and below 103 K (Fig. 10.4) in order to microscopically conrm
the presence of ordering. At temperatures above 103 K, one does not see any
oscillations in the SR signal. However, at low temperatures, clear oscillations
can be resolved at short time scales. These oscillations in any muon spin res-
onance experiment are indicative of magnetic ordering in the sample [222]. In
order to t the measured data, two oscillatory components along with damping
terms have to be used, which points to two inequivalent sites where the muons
stop in the sample, that is, the muons experience two dierent local magnetic
elds inside the sample. Also, judging from the relative magnitudes of the signal
in the magnetically ordered and disordered state, one nds that the magnetic
volume fraction of the sample is close to 100 % [223].
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Figure 10.4: Muon Spin Resonance (SR) spectra (grey symbols)taken at 5 K on a single
crystal sample of La8Cu7O19. The black line shows a t to the data [222].
This conrms that the anomaly at 103 K marks the onset of three dimensional
ordering associated with the bulk of this compound. For details about the analysis
and interpretation of the SR signal one can refer to [222] and [223].
10.5 Magnetic structure
In order to throw light on the magnetic structure, neutron diraction experiments
were performed on the D23 diractometer at Institut Laue Langevin using a
standard cryostat capable of reaching temperatures down to 1.7 K [220]. The
sample, in a form of a semi-cylinder with diameter of about 3 mm and length of
5 mm, was attached by means of a dental glue to an aluminium holder with its
b-axis along the rotational axis of the diractometer. This geometry restricts the
reachable number of reections with respect to the b-axis, however, the accessible
reections are better resolved. Data were also recorded with a smaller sample in
a form of a cuboid with dimensions 2x2x2 mm3 that had an arbitrary orientation.
Resulting data sets were combined. To generate all possible magnetic structures
allowed by symmetry of the crystal structure and the experimental propagation
vector, the symmetry analysis as developed by Bertaut [224] implemented in
computer codes MODY [225] and BasisReps [147] has been used.
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Figure 10.5: Rocking curves of the (a) nuclear Bragg reection (2 0 4) at 10 K and 115
K, with the dierence between them, and the (b) Magnetic Bragg reection ( 32 12 6)
measured on the larger sample at identical conditions.
Long reciprocal scans revealed that all the Bragg reections due to magnetic
order can be indexed with a unique propagation vector q=(1
2
1
2
0). Fig. 10.5 shows
rocking curves through a representative nuclear Bragg reection (2 0 4) and a
magnetic Bragg reection, ( 3
2
1
2
6), measured at 10 K and 115 K are shown. A
single peak in these curves indicates the presence of a single orientation in the
entire bulk of the measured sample. While at low temperatures a clear magnetic
Bragg reection is observed, no intensity can be discerned at high temperature.
This dierence in the scattered intensity is attributed to an antiferromagnetic
ordering. Since magnetic reections at low temperatures are resolution limited,
the magnetic order is of a long-range character.
In the vicinity of second-order, continuous or critical order-disorder transitions,
where the uctuations in magnetization increase, there are anomalies in the scat-
tering of neutron beams passing through the material. These anomalies reect the
uctuations in the magnetization around the critical region, and can be character-
ized by so-called critical exponents that are specic to models. These exponents
capture the behaviour of fundamental quantities like specic heat, susceptibility,
magnetization, etc. close to the critical point. The critical exponents in a con-
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Figure 10.6: Temperature dependence of the integrated intensity of the representative
magnetic reection ( 32 12 6) measured on the larger sample in zero eld. The inset shows
the temperature dependence of the peak intensity of the same reection measured in a
small temperature range around the magnetic phase transition together with the best t to
the formula describing the decrease of the staggered magnetization in an antiferromagnet
[226].
tinuous transition only depends on the dimensionality of the model system, the
dimensionality of the order-parameter of the system, and whether the interaction
is short or long range. The critical exponent of the system can be obtained from
the variation in scattering intensity across the phase transition. The temperature
dependence of the integrated intensity (I) (Fig. 10.6) shows that although the
intensity decreases with increasing temperature only slowly, it suddenly drops
above t 95 K and disappears above the proposed magnetic phase transition tem-
perature. A more detailed temperature dependence of the magnetic reection
and the best t (obtained in the range above 100 K) to the empirical formula
[226]
I = I0

1  T
TN
2
; (10.1)
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Figure 10.7: Schematic representation of the AF structure of La8Cu7O19. For clarity, only
the Cu magnetic moments are shown. The color indicates the paired moments. Colors
with a red touch denote moments residing in octahedra environment, blue colors indicate
moments situated in ribbons.
which describes the temperature dependence of the staggered magnetization in
an antiferromagnet as seen by neutrons, given in the inset of Fig. 10.6, suggests
that the magnetic phase transition equals to 102.5(3) K. The critical  exponent
that amounts to 0.23(4) is somewhat lower than the value expected for a 3D
antiferromagnet, but still substantially larger than a value of 0.125 expected for
an Ising system [226]. At the same time, this value is larger than that one of
0.13(2) found by Zobkalo et al. [183].
A detailed discussion of the results for the magnetic structure can be found
it [220]. Here, we discuss briey the essential ndings related to the magnetic
structure. Fig. 10.7 shows a schematic representation of the deduced AF structure
of La8Cu7O19, and table 10.3 shows the rened magnetic structure parameters
and the couplings of each moment within the unit cell.
Possible ways in which the magnetic structure can be represented, that is, the
ways in which pairs of moments are coupled with each other depends on the
symmetry of the crystallographic unit cell. Among these so-called 'irreducible
representations' of the magnetic structure, the moments within one unit cell are
related by the inversion either ferromagnetically or antiferromagnetically and can
have any spatial orientation. From the measurements, it is observed that one
needs to combine two dierent irreducible representations,  1 and  2, in order
to get good agreement with the measured data. In other words, some moments
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Table 10.3: Rened magnetic structure parameters of La8Cu7O19 determined from the
best t to model associated with half of the moments in the 4e position coupled according
to  1 and half according to  2 and in the 8f site mostly according to the  2 irreducible
representations, respectively.  denotes the angle between a Cu moment and the a-axis, 
is the angle which makes the Cu moment with the c-axis.
La8Cu7O19 T = 10 K Space group: C 2/c
Observed re. 179
2 6.7
Rf (%) 16.2
Site Moment   relation (ir.rep.)
(Wycko position) (B) (deg) (deg)
e1 0.37 (5) 90 (0) 90 (0) e3 ( 1)
e2 -0.37 (5) 90 (0) 90 (0) e4 ( 2)
f11 0.49 (3) 90 (0) 90 (0) f15 ( 2)
f12 -0.49 (3) 90 (0) 90 (0) -f16 ( 1)
f13 0.49 (3) 90 (0) 90 (0) f17 ( 2)
f14 0.49 (3) 90 (0) 90 (0) -f18 ( 1)
f21 0.45 (2) 259 (10) 90 (0) f25 ( 2)
f22 0.45 (2) 358 (11) 90 (0) f26 ( 2)
f23 0.45 (2) 282 (6) 90 (0) f27 ( 2)
f24 0.45 (2) 183 (11) 90 (0) f28 ( 2)
f31 0.44 (3) 233 (8) 90 (0) f35 ( 2)
f32 0.44 (3) 279 (7) 90 (0) f36 ( 2)
f33 0.44 (3) 315 (6) 90 (0) f37 ( 2)
f34 0.44 (3) 266 (7) 90 (0) f38 ( 2)
are coupled in accordance with  1 and some according to  2. In  2, for the 4e
Wycko position 4e, Cu moments at the e1 and e3 sites are coupled ferromag-
netically and moments at the e2 and e4 sites couple antiferromagnetically within
one crystallographic unit cell. For the 8f position, moments are ferromagnetically
coupled as independent pairs. In  1, the coupling between the pairs of moments
is reversed. Also, moment directions in adjacent unit cells along the a-axis and
the b-axis are reversed and they preserve their orientations along the c-axis.
It is seen that La8Cu7O19 orders antiferromagnetically at low temperatures with
two kinds of Cu moments divided into two subsystems coupled in a complicated
non-collinear fashion. Moments in the 4e Wycko sites and 8f sites (atoms f11 to
f18) with octahedral environment, that form linear chains running along approx-
imately [101] direction (see g. 10.1) are coupled antiferromagnetically within
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the chains and are conned along the shortest crystallographic b-axis. Moments
residing on the other 8f Wycko sites, (atoms f31 to f38) which form the rather
complicated ribbons (see g. 10.1) seem to be conned perpendicular to the c-axis,
having larger component along the b-axis direction.
The remaining moments (atoms f21 to f24) that provide the connection between
octahedral and ribbon sites and are situated at either end of a chain (see g. 10.1)
have directions that vary in space. The data does not seem to be very sensitive
to changes in the directions of these moments. All moment magnitudes are close
to 0.4 B. The deduced AF structure of La8Cu7O19 is in disagreement with
the structure described of Zobkalo et al. (see section 5.4). However, at least in
the case of Cu moments in octahedral sites the two solutions agree well. For
Cu moments situated in ribbons, orientations in some cases are rather dierent.
The exact origin of the anisotropy in the long range magnetic ordering transition
step itself at 103 K remains unclear though. Further high eld experiments are
planned in order or better understand this.
10.6 Heat conductivity
Finally, the heat transport in this compound was investigated with a view to
check for any possible contribution of propagating magnetic excitations. Heat
conductivity () using the steady state method was measured along all three
crystallographic axes in the temperature range 7-300 K (Fig. 10.8). There is a
large anisotropy observed.  along the legs of the ladder (b-axis) has the highest
value with a peak at  280 W m 1K 1. The peak values of  along the c and a
directions are 145 W m 1K 1 and 50 W m 1K 1 respectively. The conductivity
along all three directions resemble that of purely phononic systems.
Table 10.4: Callaway t parameters for the c(T ) curves.
Axis B b A L D
(10 30) (10 44) (10 4) (K)
a 1.56 1.63 43.97 10.17 100 K
b 79.9 2.06 7.44 7.17 100 K
c 1.28 2.13 65.22 1.15 100 K
A t to the measured curves was performed using the Callaway model for
phononic heat conductivity (see section 3.3.1), and a good t was obtained over
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Figure 10.8: Heat conductivity as a function of temperature ((T )) measured along all
three crystallographic directions. The black curves indicate ts to the data according to
the Callaway model [123]. Inset: (T ) at temperatures below 75 K to clearly illustrate the
low-T peaks.
the entire temperature range. All the parameters of the model have to be var-
ied without which it is dicult to obtain good ts. Such a large anisotropy in
phononic heat conduction could be the result of a large anisotropy in the dis-
persion of phonons in the crystal. The parameters of the Callaway t are given
in Table 10.4. There is no discernable sign of heat transport due to magnetic
excitations in this temperature range, although there might be some contribution
from magnetic excitations which adds to the phononic background in such a way
that the overall T -dependence still is phononic-like. Specic doping experiments
of similar type as discussed in chapters 8 and 9 could clarify this point further,
but are beyond the scope of the present work.
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10.7 Conclusions
The crystal structure of La8Cu7O19 has been discussed, pointing out quantita-
tive details about the dierent Cu sites and the oxygen environments that they
are located in. It is seen that the magnetic structure is complicated and non-
collinear. The material orders antiferromagnetically with the propagation vector
q = (1
2
1
2
0) below TN = 102.5 (3) K. Crystallographically, Cu magnetic moments
divide into two sub-systems, depending on the environment. Moments situated
at centers of oxygen octahedra orient along the b-axis and couple to neighbor-
ing moments antiferromagnetically, whereas those creating a complicated ribbon
structure posses all three cartesian components. The SR signal conrms that the
materials undergoes a bulk 3D magnetic ordering at low temperatures. Further,
measurements of the magnetic and physical properties conrm that this material
exhibits a bulk, three dimensional, long range antiferromagnetic ordering at 
103 K. The microscopic origin of the anisotropy in the magnetic properties is
unclear though, and further experiments like electron spin resonance (ESR) are
planned in order to determine anisotropy associated with the g-factor. Due to
a complicated crystal structure and a large unit cell, the situation is far from
one that realizes an isotropic ve-leg ladder Hamiltonian. Thus, comparisons be-
tween theory and experiment are limited by the details of the crystal structure
that turns out to be crucial in deciding the character of the underlying spin sys-
tem. Although, La8Cu7O19 structurally realizes a ve-leg ladder, its structural
details that possibly bring in a second energy scale to the magnetism and which
determine the T -dependence of the magnetic susceptibility, make it dicult to
study the properties of a true ve-leg ladder model. The heat conductivity of this
compound along the three axes resembles that of pure phononic systems, and no
sign of contributions due to magnetic excitations is seen.
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Summary
This experimental work focusses on the single crystal growth and heat transport
properties of pure and doped versions of compounds that realize low-dimensional
spin structures, with a view to gain insight into the dierent scattering mecha-
nisms that are responsible for transport, and to motivate the need for theoretical
work towards a complete understanding of heat transport in strongly quantum
systems.
Single crystals of pure La2CuO4 were grown using the travelling oating zone
method (TFSZ). Heat transport in the pure compound was experimentally mea-
sured for the rst time up to very high temperatures of 813 K using two meth-
ods, namely the steady state method for low temperatures and the dynamic ash
method for measuring high temperatures. An unprecedentedly high magnetic
heat conductivity has been measured indicating that the quality of the grown
single crystal is extraordinarily high. At high temperatures mag strongly de-
creases compared to the phononic heat conductivity, suggesting that additional
temperature dependent scattering mechanisms, other than the temperature in-
dependent boundary scattering, are present that limit conduction by magnons.
Qualitative comparison of the experimental mag to recent calculations seems to
suggest that only taking into account the scattering of magnons o boundaries
and other magnons is apparently insucient to fully describe the strong sup-
pression of mag. The scattering of magnons with other excitations like phonons
could be in addition important to explain this strong decrease. From our pre-
liminary analysis of the experimental data based on empirical models for scat-
tering analogous to the phononic Callaway model, it is seen that along with a
T -independent boundary scattering process, two umklapp-like T -dependent scat-
tering terms seem to describe the temperature dependence of mag in the entire
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measured temperature range. One of these terms having a characteristic energy
scale could correspond to phonon modes in the compound, thus indicating the
relevance of phonons in the scattering processes that limit magnon heat conduc-
tion. The energy scale involved in the second term is of the order of magnitude
of the magnetic exchange coupling J . There are indications that this high energy
scale might be manifested through the correlation length that possibly limits the
mean-free path of magnons. A theoretical model that treats T -independent and
T -dependent magnon scattering processes with boundaries, and other quasiparti-
cles together, taking in to account a possible inuence of the spin-spin correlation
length seems to be required to explain the experimental results and describe the
physics of scattering in the La2CuO4 compound for the whole temperature range.
Finally, in order to better understand the role of point-like defects and boundaries
in magnon scattering processes, and the temperature regimes in which they are
observably dominant, single crystals of La2CuO4 with small amounts of Ni and
Zn doped at the Cu-site, La2CuxNi1 xO4 and La2CuxZn1 xO4 for x = 0.001 and
0.003, have been grown. Ongoing heat transport measurements on these crystals
will possibly give insight into the role substitutional impurities in limiting heat
transport via magnons, i.e, whether such impurities act as point-like defects or
whether they act as boundaries for the magnons, or whether their eect is just
screened.
Heat conductivity measurements on single crystals of Sr2Cu1 xNixO3 for x =
0.005, 0.01 and 0.02, grown by N. Sekhar Beesetty at the University of Paris-Sud,
show that substituting small amounts of Ni for Cu in Sr2CuO3 causes a very
strong enhancement of the phononic conductivity at low doping levels, which is
seen in the measurements both parallel and perpendicular to the spin chains.
The spinon heat conductivity on the other hand is strongly suppressed. The T -
dependence of the mean-free path of spinons is described well at temperatures
higher than 100 K taking into account only T -independent spinon-defect and T -
dependent spinon-phonon scattering, using an empirical scattering model. These
observations are qualitatively similar to the case of Ni-doped SrCuO2, where the
magnitude of increase in the phononic conductivity upon Ni-doping is smaller.
Single crystals of SrCu1 xNixO2 for x = 0.01 were grown in this work using the
TFSZ method, in order to investigate the spin-excitation spectrum using inelas-
tic neutron scattering experiments (INS) and nuclear magnetic resonance (NMR).
These experiments clearly indicated the development of a spin gap of  8 meV
at low energies. Single crystals of Sr2Cu1 xNixO3 were also studied using INS
and NMR, and a doping-dependent spin-gap was observed in these compounds
too. The properties of this spin gap as probed by NMR and INS, point to the
presence of Ni-induced fragmentation of the spin chains; a picture that is further
evident from the heat transport measurements where perfect scaling is observed
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for the spinon mean free paths due to impurity scattering. The observed en-
hancement of phononic heat conductivity for these compounds could possibly
be related to the appearance of the spin gap. The emergence of a gap depletes
low energy spinons which, in the undoped compound, via a strong spin-phonon
coupling, limited phonon heat conductivity due to spinon-phonon scattering pro-
cesses. The unavailability of these spinons now reduces scattering of phonons
and thereby enhances the phononinc heat conductivity, which is what we observe
in the heat conductivity experiments. Thus, we indirectly observe the opening
of the spin gap in the heat conductivity measurements of Ni doped SrCuO2 and
Sr2CuO3. Therefore, a magnetic impurity like Ni strongly aects the spin ex-
citation spectrum and spinon transport in these materials which are very good
approximations of S = 1
2
Heisenberg chains. Such an impurity also reveals a very
strong spin-phonon coupling and thus the importance of the scattering mechanism
between phonons and spinons in limiting heat conduction at low temperatures.
The evidence of strong spin-phonon coupling in these quasi 1D systems encourage
further studies on probing the nature of this coupling and its eects on scattering
mechanisms.
The eect of introducing an o-chain impurity like Ca, thereby creating bond
disorder, on the heat transport in Sr2CuO3 has been studied. A drastic suppres-
sion of the magnetic heat conductivity parallel to the chains indicating that the
propagation of spinons is very sensitive to even the slightest bond disorder is ob-
served. The T -dependence of the mean-free path of spinons can be modelled by
spinon-defect and spinon-phonon scattering processes, and the reduction of the
mean free path upon doping is accounted for mainly by increased scattering of
spinons o eective in-chain defects, where the scattering probability per defect is
equally strong in the entire doping range. Interestingly, large disorder present in
the compounds doped with high concentrations of Ca leads to a linearly increas-
ing spinon heat conductivity, thus reecting the intrinsic spinon heat transport in
a S = 1
2
Heisenberg spin chain. Although we observe that in the case of both 2D
and 1D systems, a semi-classical kinetic model for heat transport along with em-
pirical models of scattering processes describe the temperature dependence of the
measured heat conductivity surprisingly well in the temperature regime up to 300
K, interpretations based on these analyses must be treated as preliminary, and as
a step towards microscopically understanding heat transport in low-dimensional
systems such as the ones discussed in this work.
Single crystals of La8Cu7O19 were grown using the TFSZ method for the st
time. The crystal structure of La8Cu7O19 was investigated in detail by single
crystal diraction, to throw light on the quantitative details about the dierent
Cu sites and the oxygen environments that they are located in. Using neutron
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diraction, it is seen that the magnetic structure is complicated and non-collinear.
The material orders antiferromagnetically with the propagation vector q = (1
2
1
2
0) below TN  103 K. This bulk magnetic ordering is also observed using
other probes like SR and specic heat, and magnetization measurements. The
heat conductivity of this compound along the three axes resembles that of pure
phononic systems, and no sign of contributions due to magnetic excitations is
seen. The microscopic origin of the anisotropy in the magnetic properties is
unclear though, and further experiments like electron spin resonance (ESR) are
planned in order to determine anisotropy associated with the g-factor. Due to a
complicated crystal structure and a large unit cell, the situation is far from one
that realizes an isotropic ve-leg ladder Hamiltonian. Thus, comparisons between
theory and experiment are limited by the details of the crystal structure that
turns out to be crucial in deciding the character of the underlying spin system.
Although, La8Cu7O19 structurally realizes a ve-leg ladder, its structural details
that possibly bring in a second energy scale to the magnetism make it dicult to
study the properties of a true ve-leg ladder model.
Single crystals of LaCuO2 have been grown for the rst time using the travelling-
solvent oating zone method. The crystal was grown in an Ar-atmosphere by re-
duction of La2Cu2O5, which was used as the feed rod composition for the growth.
The grown crystals have been characterized thoroughly with respect to phase pu-
rity and single crystallinity. Ar atmosphere helped in the reduction of the starting
compound into the obtained phase. A CuO solvent and a slow growth rate were
important for stabilizing the molten zone and hence the growth process. As we
are now able to synthesize pure LaCuO2 in single crystalline form, experiments
on intercalating O2 into it using high pressure, and measurement of its physical
properties are planned.
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Appendix
A.1 Heat conductivity: Co- and Zn-doped
SrCuO2
A.1.1 SrCu1 xCoxO2
The heat conductivity measured parallel (c) to the spin chains of SrCu1 xCoxO2
is shown in g. A.1 for x = 0, 0.0025, 0.005, 0.01. For x = 0, as discussed
in section 5.2, a broad peak consisting of contributions due to both phonons
and spinons is observed. For x = 0:0025, this peak becomes less broad, and
reduces in magnitude, indicating that the spinon contribution is suppressed. The
spinon contribution is further suppressed for x = 0:005, as the peak becomes
signicantly sharper than that for x = 0:0025, and the peak position shifts to
lower temperatures. For x = 0:01, the peak magnitude of c reduces even more.
As can be seen in the log-log plot (inset of g. A.1), the heat conductivity curves
for x = 0:0025 and x = 0:005 show a shoulder which begins at  50 K, instead of
a 1=T phononic-like decrease. This shoulder must correspond to the still-present
contributions due to spinons at high temperatures, which are not yet completely
suppressed. The much broader peak in the case of x = 0:0025 indicates that a
signicant spinon contribution is still present even at low temperatures, around
the peak in c, which is observed to decrease for higher doping levels. Thus, a
gradual but strong, monotonic decrease of the spinon heat conduction is observed
with increasing Co concentration.
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Figure A.1: Heat conductivity (c) parallel to chain for dierent concentrations of Co is
plotted as a function of temperature for Co-doped SrCuO2 compounds; inset: a log-log
plot of c to better illustrate the temperature dependence.
Fig. A.1 shows the heat conductivity (a) of SrCu1 xCoxO2, measured perpen-
dicular to the spin chains. As discussed in section 5.2, the heat conductivity of
undoped SrCuO2 is purely phononic in this direction. On doping Co (x = 0:0025),
the heat conductivity near the maximum shows an expected decrease upon dop-
ing. However, for x = 0:0025, there is a small increase of  50 Wm 1K 1 above
a for the undoped compound. Finally, for x = 0:01, a decreases and has a
peak-value slightly lower than that for the x = 0:0025 compound. Thus, for the
case of x = 0:0025, an unexpected increase of a is observed, that does not seem
to be in agreement with the conventional idea of monotonic decrease of phononic
conductivity as a function of increasing dopant concentration (see section 3.3).
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Figure A.2: Heat conductivity (a) perpendicular to chain for dierent concentrations of
Co is plotted as a function of temperature for Co-doped SrCuO2 compounds; inset: peak
value of a plotted against the doping concentration.
A.1.2 SrCu1 xZnxO2
The heat conductivity measured parallel to (c) and perpendicular (a) to the
spin chains of SrCu1 xZnxO2, for x = 0 and 0.01, is shown in g. A.3 and the
inset of g. A.3 respectively. The broad peak in c for x = 0 reduces to a sharp
phononic-like peak for x = 0:01. However, the heat conductivity perpendicular
to the chains shows a strong increase upon doping.
The observed decrease of c for x = 0:01 in the case of Zn-doping is of a similar
magnitude at all temperatures as that in the case of Co-doping. The dierence
between the eect of Zn and Co for the case of x = 0:01, is the strong increase of
a for Zn-doping above the undoped case compared to the decrease observed for
Co-doping.
As for the case of Ni-doped SrCuO2, the unexpected increase observed in the
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Figure A.3: Heat conductivity (a) perpendicular to chain for dierent Zn concentrations
(x) are plotted as a function of temperature; inset: the magnitude of the peak in a is
plotted as a function of the Zn concentration to illustrate the trend of the change.
heat conductivity perpendicular to the chains (a) of the Co- and Zn-doped
SrCuO2 compounds might be linked to the opening of a spin-gap at low en-
ergies in the spin excitation spectrum. However, measurements on crystals with
other intermediate and higher doping concentrations are necessary in order to see
a trend in the variation of a as a function of doping content, and to explain the
observed behaviour of heat conductivity.
162
Bibliography
[1] L. J. De Jongh and A. R. Miedema, Advances in Physics 50, 947 (2001).
[2] E. Manousakis, Rev. Mod. Phys. 63, 1 (1991).
[3] H.-J. Mikeska and A. Kolezhuk, in Quantum Magnetism, Lecture Notes in
Physics, Vol. 645, edited by U. Schollwock, J. Richter, D. Farnell, and
R. Bishop (Springer Berlin Heidelberg, 2004) pp. 1{83.
[4] J. Richter, J. Schulenburg, and A. Honecker, in Quantum Magnetism,
Lecture Notes in Physics, Vol. 645, edited by U. Schollwck, J. Richter,
D. Farnell, and R. Bishop (Springer Berlin Heidelberg, 2004) pp. 85{153.
[5] M. Steiner, J. Villain, and C. Windsor, Advances in Physics 25, 87 (1976).
[6] N. Hlubek, P. Ribeiro, R. Saint-Martin, A. Revcolevschi, G. Roth, G. Behr,
B. Buchner, and C. Hess, Phys. Rev. B 81, 020405 (2010).
[7] N. Hlubek, X. Zotos, S. Singh, R. Saint-Martin, A. Revcolevschi, B. Bchner,
and C. Hess, Journal of Statistical Mechanics: Theory and Experiment
2012, P03006 (2012).
[8] T. Kawamata, N. Takahashi, T. Adachi, T. Noji, K. Kudo, N. Kobayashi,
and Y. Koike, Journal of the Physical Society of Japan 77, 034607 (2008).
[9] A. V. Sologubenko, E. Felder, K. Gianno, H. R. Ott, A. Vietkine, and
A. Revcolevschi, Phys. Rev. B 62, R6108 (2000).
[10] A. V. Sologubenko, K. Gianno, H. R. Ott, A. Vietkine, and
A. Revcolevschi, Phys. Rev. B 64, 054412 (2001).
[11] K. Berggold, T. Lorenz, J. Baier, M. Kriener, D. Sen, H. Roth, A. Severing,
H. Hartmann, A. Freimuth, S. Barilo, and F. Nakamura, Phys.Rev.B 73,
104430 (2006).
163
Bibliography
[12] C. Hess, B. Buchner, U. Ammerahl, L. Colonescu, F. Heidrich-Meisner,
W. Brenig, and A. Revcolevschi, Phys. Rev. Lett. 90, 197002 (2003).
[13] M. Hofmann, T. Lorenz, K. Berggold, M. Gruninger, A. Freimuth, G. S.
Uhrig, and E. Bruck, Phys. Rev. B 67, 184502 (2003).
[14] Y. Nakamura, S. Uchida, T. Kimura, N. Motohira, K. Kishio, K. Kitazawa,
T. Arima, and Y. Tokura, Physica C: Superconductivity 185189, Part 2,
1409 (1991).
[15] X. F. Sun, J. Takeya, S. Komiya, and Y. Ando, Phys. Rev. B 67, 104503
(2003).
[16] J.-Q. Yan, J.-S. Zhou, and J. B. Goodenough, Phys. Rev. B 68, 104520
(2003).
[17] C. Hess, C. Baumann, U. Ammerahl, B. Buchner, F. Heidrich-Meisner,
W. Brenig, and A. Revcolevschi, Phys. Rev. B 64, 184305 (2001).
[18] A. V. Sologubenko, K. Gianno, H. R. Ott, U. Ammerahl, and
A. Revcolevschi, Phys. Rev. Lett. 84, 2714 (2000).
[19] K. Kudo, T. Noji, Y. Koike, T. Nishizaki, and N. Kobayashi, Journal of
the Physical Society of Japan 72, 2551 (2003).
[20] H. Castella, X. Zotos, and P. Prelovsek, Phys. Rev. Lett. 74, 972 (1995).
[21] K. Saito, S. Takesue, and S. Miyashita, Phys. Rev. E 54, 2404 (1996).
[22] X. Zotos, Phys. Rev. Lett. 82, 1764 (1999).
[23] X. Zotos, F. Naef, and P. Prelovsek, Phys. Rev. B 55, 11029 (1997).
[24] J. V. Alvarez and C. Gros, Phys. Rev. Lett. 89, 156603 (2002).
[25] M. Azuma, M. Takano, and R. S. Eccleston, Journal of the Physical Society
of Japan 67, 740 (1998).
[26] A. L. Chernyshev and A. V. Rozhkov, Phys. Rev. B 72, 104423 (2005).
[27] F. Heidrich-Meisner, A. Honecker, D. C. Cabra, and W. Brenig, Phys. Rev.
B 68, 134436 (2003).
[28] F. Heidrich-Meisner, A. Honecker, D. C. Cabra, and W. Brenig, Phys. Rev.
B 66, 140406 (2002).
164
Bibliography
[29] C. Hess, B. Buchner, U. Ammerahl, and A. Revcolevschi, Phys. Rev. B
68, 184517 (2003).
[30] C. Hess, H. ElHaes, A. Waske, B. Buchner, C. Sekar, G. Krabbes,
F. Heidrich-Meisner, and W. Brenig, Phys. Rev. Lett. 98, 027201 (2007).
[31] C. Hess, P. Ribeiro, B. Buchner, H. ElHaes, G. Roth, U. Ammerahl, and
A. Revcolevschi, Phys. Rev. B 73, 104407 (2006).
[32] N. Hlubek, P. Ribeiro, R. Saint-Martin, S. Nishimoto, A. Revcolevschi,
S.-L. Drechsler, G. Behr, J. Trinckauf, J. E. Hamann-Borrero, J. Geck,
B. Buchner, and C. Hess, Phys. Rev. B 84, 214419 (2011).
[33] A. Klumper and K. Sakai, Journal of Physics A: Mathematical and General
35, 2173 (2002).
[34] K. Louis, P. Prelovsek, and X. Zotos, Phys. Rev. B 74, 235118 (2006).
[35] E. Orignac, R. Chitra, and R. Citro, Phys. Rev. B 67, 134426 (2003).
[36] A. V. Rozhkov and A. L. Chernyshev, Phys. Rev. Lett. 94, 087201 (2005).
[37] K. Saito, Phys. Rev. B 67, 064410 (2003).
[38] K. Sakai and A. Klumper, Journal of Physics A: Mathematical and General
36, 11617 (2003).
[39] E. Shimshoni, N. Andrei, and A. Rosch, Phys. Rev. B 68, 104401 (2003).
[40] E. Shimshoni, D. Rasch, P. Jung, A. V. Sologubenko, and A. Rosch, Phys.
Rev. B 79, 064406 (2009).
[41] K. Damle, O. Motrunich, and D. A. Huse, Phys. Rev. Lett. 84, 3434 (2000).
[42] C. Dasgupta and S.-k. Ma, Phys. Rev. B 22, 1305 (1980).
[43] S. Eggert and I. Aeck, Phys. Rev. B 46, 10866 (1992).
[44] S.-k. Ma, C. Dasgupta, and C.-k. Hu, Phys. Rev. Lett. 43, 1434 (1979).
[45] O. Motrunich, K. Damle, and D. A. Huse, Phys. Rev. B 63, 134424 (2001).
[46] H. Alloul, J. Bobro, A. Mahajan, P. Mendels, and Y. Yoshinari, in Amer-
ican Institute of Physics Conference Series , American Institute of Physics
Conference Series, Vol. 483 (1999) pp. 161{171, cond-mat/9905424 .
165
Bibliography
[47] M. Takigawa, N. Motoyama, H. Eisaki, and S. Uchida, Phys. Rev. B 55,
14129 (1997).
[48] T. Shiroka, F. Casola, V. Glazkov, A. Zheludev, K. Prsa, H.-R. Ott, and
J. Mesot, Phys. Rev. Lett. 106, 137202 (2011).
[49] L. C. Tippie and W. G. Clark, Phys. Rev. B 23, 5846 (1981).
[50] F. Hammerath, S. Nishimoto, H.-J. Grafe, A. U. B. Wolter, V. Kataev,
P. Ribeiro, C. Hess, S.-L. Drechsler, and B. Buchner, Phys. Rev. Lett.
107, 017203 (2011).
[51] E. Dagotto, Reports on Progress in Physics 62, 1525 (1999).
[52] R. Cava, T. Siegrist, B. Hessen, J. Krajewski, W. P. Jr., B. Batlogg, H. Tak-
agi, J. Waszczak, L. Schneemeyer, and H. Zandbergen, Journal of Solid
State Chemistry 94, 170 (1991).
[53] J. Schnack, H. Nojiri, P. Kogerler, G. J. T. Cooper, and L. Cronin, Phys.
Rev. B 70, 174420 (2004).
[54] N. Ashcroft and D. Mermin, Solid state physics (Thompson, 1976).
[55] S. Blundell, Magnetism in condensed matter (Oxford university press,
2001).
[56] P. Fazekas, Lecture Notes on Electron Correlation and Magnetism (World
Scientic, 1999).
[57] B. Frischmuth, B. Ammon, and M. Troyer, Phys. Rev. B 54, R3714 (1996).
[58] N. Hlubek, Magnetic heat transport in one-dimensional quantum antiferro-
magnets, Ph.D. thesis, Technische Universit'at Dresden (2011).
[59] P. Ribeiro, One dimensional quantum magnets in cuprates: Single crys-
tal growth and magnetic heat transport studies, Ph.D. thesis, Technische
Universit'at Dresden (2007).
[60] T. M. Rice, S. Gopalan, and M. Sigrist, EPL (Europhysics Letters) 23,
445 (1993).
[61] M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70, 1039 (1998).
[62] J. Hubbard, Proceedings of the Royal Society of London. Series A. Mathe-
matical and Physical Sciences 276, 238 (1963).
166
Bibliography
[63] J. B. Goodenough, Magnetism and the chemical bond (Interscience-Wiley,
New York, 1963).
[64] J. Bednorz and K. Muller, Zeitschrift fur Physik B Condensed Matter 64,
189 (1986).
[65] H. Bethe, Zeitschrift fur Physik 71, 205 (1931).
[66] J. des Cloizeaux and J. J. Pearson, Phys. Rev. 128, 2131 (1962).
[67] L. Faddeev and L. Takhtajan, Physics Letters A 85, 375 (1981).
[68] S. Eggert, I. Aeck, and M. Takahashi, Phys. Rev. Lett. 73, 332 (1994).
[69] J. C. Bonner and M. E. Fisher, Phys. Rev. 135, A640 (1964).
[70] W. E. Estes, D. P. Gavel, W. E. Hateld, and D. J. Hodgson, Inorganic
Chemistry 17, 1415 (1978).
[71] R. B. Griths, Phys. Rev. 133, A768 (1964).
[72] C. N. Yang and C. P. Yang, Phys. Rev. 150, 327 (1966).
[73] D. C. Johnston, R. K. Kremer, M. Troyer, X. Wang, A. Klumper, S. L.
Bud'ko, A. F. Panchula, and P. C. Caneld, Phys. Rev. B 61, 9558 (2000).
[74] A. Klumper and D. C. Johnston, Phys. Rev. Lett. 84, 4701 (2000).
[75] A. Klumper, The European Physical Journal B - Condensed Matter and
Complex Systems 5, 677 (1998).
[76] V. Fateev, E. Onofri, and A. Zamolodchikov, Nuclear Physics B 406, 521
(1993).
[77] P. Hasenfratz, M. Maggiore, and F. Niedermayer, Physics Letters B 245,
522 (1990).
[78] P. Hasenfratz and F. Niedermayer, Physics Letters B 245, 529 (1990).
[79] S. Lukyanov, Nuclear Physics B 522, 533 (1998).
[80] N. D. Mermin and H. Wagner, Phys. Rev. Lett. 17, 1133 (1966).
[81] P. W. Anderson, Science 235, 1196 (1987).
[82] I. Aeck and J. B. Marston, Phys. Rev. B 37, 3774 (1988).
167
Bibliography
[83] A. Auerbach and D. P. Arovas, Phys. Rev. Lett. 61, 617 (1988).
[84] M. Takahashi, Phys. Rev. B 40, 2494 (1989).
[85] P. W. Anderson, Phys. Rev. 86, 694 (1952).
[86] K. Kubo, Phys. Rev. Lett. 61, 110 (1988).
[87] J. R. Schrieer, X. G. Wen, and S. C. Zhang, Phys. Rev. B 39, 11663
(1989).
[88] S. Chakravarty, B. I. Halperin, and D. R. Nelson, Phys. Rev. B 39, 2344
(1989).
[89] S. Chakravarty, B. I. Halperin, and D. R. Nelson, Phys. Rev. Lett. 60,
1057 (1988).
[90] A. Auerbach and D. P. Arovas, Journal of Applied Physics 67, 5734 (1990).
[91] P. Hasenfratz and F. Niedermayer, Physics Letters B 268, 231 (1991).
[92] O. P. Vajk, P. K. Mang, M. Greven, P. M. Gehring, and J. W. Lynn,
Science 295, 1691 (2002).
[93] Y. Endoh, K. Yamada, R. J. Birgeneau, D. R. Gabbe, H. P. Jenssen, M. A.
Kastner, C. J. Peters, P. J. Picone, T. R. Thurston, J. M. Tranquada,
G. Shirane, Y. Hidaka, M. Oda, Y. Enomoto, M. Suzuki, and T. Murakami,
Phys. Rev. B 37, 7443 (1988).
[94] G. Shirane, Y. Endoh, R. J. Birgeneau, M. A. Kastner, Y. Hidaka, M. Oda,
M. Suzuki, and T. Murakami, Phys. Rev. Lett. 59, 1613 (1987).
[95] G. Aeppli, S. M. Hayden, H. A. Mook, Z. Fisk, S.-W. Cheong, D. Rytz,
J. P. Remeika, G. P. Espinosa, and A. S. Cooper, Phys. Rev. Lett. 63,
1120 (1989).
[96] K. B. Lyons, P. A. Fleury, J. P. Remeika, A. S. Cooper, and T. J. Negran,
Phys. Rev. B 37, 2353 (1988).
[97] R. R. P. Singh, P. A. Fleury, K. B. Lyons, and P. E. Sulewski, Phys. Rev.
Lett. 62, 2736 (1989).
[98] T. Thio, T. R. Thurston, N. W. Preyer, P. J. Picone, M. A. Kastner, H. P.
Jenssen, D. R. Gabbe, C. Y. Chen, R. J. Birgeneau, and A. Aharony, Phys.
Rev. B 38, 905 (1988).
168
Bibliography
[99] K. Yamada, K. Kakurai, Y. Endoh, T. R. Thurston, M. A. Kastner, R. J.
Birgeneau, G. Shirane, Y. Hidaka, and T. Murakami, Phys. Rev. B 40,
4557 (1989).
[100] K. Yamada, E. Kudo, Y. Endoh, Y. Hidaka, M. Oda, M. Suzuki, and
T. Murakami, Solid State Communications 64, 753 (1987).
[101] I. Dzyaloshinsky, Journal of Physics and Chemistry of Solids 4, 241 (1958).
[102] T. Moriya, Phys. Rev. 120, 91 (1960).
[103] D. V. Khveshchenko, Phys. Rev. B 50, 380 (1994).
[104] T. Barnes, E. Dagotto, J. Riera, and E. S. Swanson, Phys. Rev. B 47, 3196
(1993).
[105] S. Gopalan, T. M. Rice, and M. Sigrist, Phys. Rev. B 49, 8901 (1994).
[106] N. Hatano and Y. Nishiyama, Journal of Physics A: Mathematical and
General 28, 3911 (1995).
[107] D. Poilblanc, H. Tsunetsugu, and T. M. Rice, Phys. Rev. B 50, 6511
(1994).
[108] M. Azuma, Z. Hiroi, M. Takano, K. Ishida, and Y. Kitaoka, Phys. Rev.
Lett. 73, 3463 (1994).
[109] D. C. Johnston, J. W. Johnson, D. P. Goshorn, and A. J. Jacobson, Phys.
Rev. B 35, 219 (1987).
[110] S. R. White, R. M. Noack, and D. J. Scalapino, Phys. Rev. Lett. 73, 886
(1994).
[111] Z. Hiroi, M. Azuma, M. Takano, and Y. Bando, Journal of Solid State
Chemistry 95, 230 (1991).
[112] C. Hess, Thermischer transport in ubergangsmetalloxiden mit
niedrigdimensionalenladungs- und spinstrukturen, Ph.D. thesis, Uni-
versitat zu Koln (2002).
[113] H.P.Myers, Introductory solid state physics (Taylor & Francis, 1998).
[114] R. Berman, Thermal Conduction in Solids (Oxford: Clarendon, 1976).
[115] J. Ziman, Electron and Phonons-The theory of transport phenomenoa in
solids (Oxford University press, 1960).
169
Bibliography
[116] J. B. J. Fourier, Theorie Analztique de la Chaleur (Fermin DIdot, Paris
Dover Publications, New York, 1822).
[117] L. Boltzmann, Wiener Berichte 66, 275 (1872).
[118] A. Einstein, Ann. Phys. 679, 1911 (35).
[119] J. K. P. Debye, Phzsikalische Zeitschrift 15, 490 (1914).
[120] R. Peirls, Ann. Phys. 3, 1055 (1929).
[121] M. A. Brown, Journal of Physics C: Solid State Physics 6, 642 (1973).
[122] F. E. S. R. Berman, P. G. Klemems and T. M. Fry, Nature 166, 864 (1950).
[123] J. Callaway, Phys. Rev. 113, 1046 (1959).
[124] J. Callaway, Phys. Rev. 122, 787 (1961).
[125] J. Callaway and H. C. von Baeyer, Phys. Rev. 120, 1149 (1960).
[126] A. Matthiessen, Phil. Trans. R. Sco. London 148, 383 (1858).
[127] C. Herring, Phys. Rev. 95, 954 (1954).
[128] P. D. Thacher, Phys. Rev. 156, 975 (1967).
[129] F. Gorter, L. Noordermeer, A. Kop, and A. Miedema, Physics Letters A
29, 331 (1969).
[130] R. L. Douglass, Phys. Rev. 129, 1132 (1963).
[131] B. Luthi, Journal of Physics and Chemistry of Solids 23, 35 (1962).
[132] J. E. Rives, G. S. Dixon, and D. Walton, Journal of Applied Physics 40,
1555 (1969).
[133] D. Walton, J. E. Rives, and Q. Khalid, Phys. Rev. B 8, 1210 (1973).
[134] L. Coenen, H. D. Lang, J. Stoelinga, H. V. Kempen, and P. Wyder, Physica
B+C 8688, Part 2, 968 (1977).
[135] H. N. De Lang, H. van Kempen, and P. Wyder, Phys. Rev. Lett. 39, 467
(1977).
[136] B. Lake, D. A. Tennant, and S. E. Nagler, Phys. Rev. B 71, 134412 (2005).
170
Bibliography
[137] H. Miike and K. Hirakawa, Journal of the Physical Society of Japan 38,
1279 (1975).
[138] F. H. Meissner, Transport properties of low-dimensional quantum spin sys-
tems, Ph.D. thesis, Technishen Universitt zu Braunschweig (2005).
[139] A. Klumper, in Quantum Magnetism, Lecture Notes in Physics, Vol. 645,
edited by U. Schollwock, J. Richter, D. Farnell, and R. Bishop (Springer
Berlin Heidelberg, 2004) pp. 349{379.
[140] T. Niemeijer and H. van Vianen, Physics Letters A 34, 401 (1971).
[141] C. Hess, The European Physical Journal Special Topics 151, 73 (2007).
[142] S. M. Hayden, G. Aeppli, R. Osborn, A. D. Taylor, T. G. Perring, S.-W.
Cheong, and Z. Fisk, Phys. Rev. Lett. 67, 3622 (1991).
[143] K. Sun, J. H. Cho, F. C. Chou, W. C. Lee, L. L. Miller, D. C. Johnston,
Y. Hidaka, and T. Murakami, Phys. Rev. B 43, 239 (1991).
[144] O. Mityashkin, Magnetic heat transport in low dimensional quantum spin
systems, Ph.D. thesis, Technische Universit'at Dresden (2013).
[145] M. McElfresh, Fundamentals of Magnetism and Magnetic Measurements,
Purdue University.
[146] H. M. Rietveld, Journal of Applied Crystallography 2, 65 (1969).
[147] T. Roisnel and J. Rodrquez Carvajal, Materials Science Forum 378-381,
118 (2001).
[148] P. Thompson, D. E. Cox, and J. B. Hastings, Journal of Applied Crystal-
lography 20, 79 (1987).
[149] A. J. M. Duisenberg, L. M. J. Kroon-Batenburg, and A. M. M. Schreurs,
Journal of Applied Crystallography 36, 220 (2003).
[150] G. M. Sheldrick, \Sadabs, version 2.0," (2002), (Bruker Analytical X-Ray
Systems, Inc.: Madison, WI.).
[151] G. M. Sheldrick, \Shelx97, programs for crystal structure analysis (release
97-2)," (1997), (University of Gottingen, Germany).
[152] A. L. Spek, \Platon," (2005), a Multipurpose Crystallographic Tool
(Utrecht University, Utrecht, Netherlands).
171
Bibliography
[153] M. C. Burla, R. Caliandro, M. Camalli, B. Carrozzini, G. L. Cascarano,
L. De Caro, C. Giacovazzo, G. Polidori, and R. Spagna, Journal of Applied
Crystallography 38, 381 (2005).
[154] M. Reehuis, C. Ulrich, K. Prokes, A. Gozar, G. Blumberg, S. Komiya,
Y. Ando, P. Pattison, and B. Keimer, Phys. Rev. B 73, 144513 (2006).
[155] S.-W. Cheong, Z. Fisk, J. Willis, S. Brown, J. Thompson, J. Remeika,
A. Cooper, R. Aikin, D. Schiferl, and G. Gruner, Solid State Communica-
tions 65, 111 (1988).
[156] K. Fukuda, S. Shamoto, M. Sato, and K. Oka, Solid State Communications
65, 1323 (1988).
[157] S. P. Bayrakci, B. Keimer, and D. A. Tennant, ArXiv e-prints (2013),
arXiv:1302.6476 [cond-mat.str-el] .
[158] S. P. Bayrakci, D. A. Tennant, P. Leininger, T. Keller, M. C. R. Gibson,
S. D. Wilson, R. J. Birgeneau, and B. Keimer, Phys. Rev. Lett. 111, 017204
(2013).
[159] S. Haas, J. Riera, and E. Dagotto, Phys. Rev. B 48, 13174 (1993).
[160] S. Wessel, B. Normand, M. Sigrist, and S. Haas, Phys. Rev. Lett. 86, 1086
(2001).
[161] E. Westerberg, A. Furusaki, M. Sigrist, and P. A. Lee, Phys. Rev. Lett.
75, 4302 (1995).
[162] S. E. Nagler, W. J. L. Buyers, R. L. Armstrong, and R. A. Ritchie, Journal
of Physics C: Solid State Physics 17, 4819 (1984).
[163] E. Dagotto, J. Riera, and D. Scalapino, Phys. Rev. B 45, 5744 (1992).
[164] R. N. Bhatt and P. A. Lee, Phys. Rev. Lett. 48, 344 (1982).
[165] D. S. Fisher, Phys. Rev. B 50, 3799 (1994).
[166] C. L. Teske and H. Muller-Buschbaum, Z. anorg. allg. Chem. 379, 234
(1970).
[167] J. Kanamori, J. Phys. Chem. Solids 10, 87 (1959).
[168] N. Motoyama, H. Eisaki, and S. Uchida, Phys. Rev. Lett. 76, 3212 (1996).
172
Bibliography
[169] I. A. Zaliznyak, H. Woo, T. G. Perring, C. L. Broholm, C. D. Frost, and
H. Takagi, Phys. Rev. Lett. 93, 087202 (2004).
[170] M. Matsuda, K. Katsumata, K. M. Kojima, M. Larkin, G. M. Luke, J. Mer-
rin, B. Nachumi, Y. J. Uemura, H. Eisaki, N. Motoyama, S. Uchida, and
G. Shirane, Phys. Rev. B 55, R11953 (1997).
[171] I. A. Zaliznyak, C. Broholm, M. Kibune, M. Nohara, and H. Takagi, Phys.
Rev. Lett. 83, 5370 (1999).
[172] C. L. Teske and H. Muller-Buschbaum, Z. anorg. allg. Chem. 371, 325
(1969).
[173] T. Ami, M. K. Crawford, R. L. Harlow, Z. R. Wang, D. C. Johnston,
Q. Huang, and R. W. Erwin, Phys. Rev. B 51, 5994 (1995).
[174] H. Suzuura, H. Yasuhara, A. Furusaki, N. Nagaosa, and Y. Tokura, Phys.
Rev. Lett. 76, 2579 (1996).
[175] A. Keren, L. P. Le, G. M. Luke, B. J. Sternlieb, W. D. Wu, Y. J. Uemura,
S. Tajima, and S. Uchida, Phys. Rev. B 48, 12926 (1993).
[176] K. M. Kojima, Y. Fudamoto, M. Larkin, G. M. Luke, J. Merrin,
B. Nachumi, Y. J. Uemura, N. Motoyama, H. Eisaki, S. Uchida, K. Ya-
mada, Y. Endoh, S. Hosoya, B. J. Sternlieb, and G. Shirane, Phys. Rev.
Lett. 78, 1787 (1997).
[177] A. C. Walters, Using X-ray and neutron scattering to study the dynamics of
low-dimensional systems, Ph.D. thesis, University College London (2009).
[178] M. Takigawa, O. A. Starykh, A. W. Sandvik, and R. R. P. Singh, Phys.
Rev. B 56, 13681 (1997).
[179] Y. Utz, Private communication.
[180] S. Sachdev, Phys. Rev. B 50, 13006 (1994).
[181] O. A. Starykh, R. R. P. Singh, and A. W. Sandvik, Phys. Rev. Lett. 78,
539 (1997).
[182] E. Dagotto and T. M. Rice, Science 271, 618 (1996).
[183] I. A. Zobkalo, V. A. Polyakov, O. P. Smirnov, S. V. Gavrilov, S. N. Barilo,
D. I. Zhigunov, and M. Bonnet, Physica B: Condensed Matter 234236,
734 (1997), proceedings of the First European Conference on Neutron
Scattering.
173
Bibliography
[184] S. Barilo, D. Zhigunov, A. Pushkarev, L. Kurnevich, S. Shiryaev, A. Za-
kharov, I. Zobkalo, V. Polyakov, and O. Smirnov, ICMAS-93 Supercon-
ducting Materials , 77 (1993).
[185] B. Schupp, C. Sekar, W. Gruner, G. Auermann, C. Bahtz, and
G. Krabbes, Zeitschrift fur Anorganische und Allgemeine Chemieur anor-
ganische und allgemeine Chemie 630, 663 (2004).
[186] C. Sekar, T. Watanabe, A. Matsuda, H. Shibata, Y. Zenitani, and J. Akim-
itsu, Journal of Solid State Chemistry 156, 422 (2001).
[187] R. Cava, H. Zandbergen, A. Ramirez, H. Takagi, C. Chen, J. Krajewski,
W. P. Jr., J. Waszczak, G. Meigs, R. Roth, and L. Schneemeyer, Journal
of Solid State Chemistry 104, 437 (1993).
[188] H. Haas and E. Kordes, Zeitschrift fur Kristallographie 129, 259 (1969).
[189] B. Bellal, S. Saadi, N. Koriche, A. Bouguelia, and M. Trari, Journal of
Physics and Chemistry of Solids 70, 1132 (2009).
[190] A. Jacob, C. Parent, P. Boutinaud, G. L. Flem, J. Doumerc, A. Ammar,
M. Elazhari, and M. Elaatmani, Solid State Communications 103, 529
(1997).
[191] S. Koohpayeh, D. Fort, and J. Abell, Progress in Crystal Growth and
Characterization of Materials 54, 121 (2008).
[192] A. Revcolevschi, U. Ammerahl, and G. Dhalenne, Journal of Crystal
Growth 198199, Part 1, 593 (1999).
[193] A. Revcolevschi and J. Jegoudez, Progress in Materials Science 42, 321
(1997).
[194] K. Karmakar, A. Singh, S. Singh, A. Poole, and C. R'uegg, Crystal Growth
& Design 14, 1184 (2014), http://pubs.acs.org/doi/pdf/10.1021/cg4016993
.
[195] B. V. Slobodin, A. S. Kosmynin, G. E. Shter, I. K. Garkushin, V. L. Bal-
ashov, and A. S. Trunin, Sverkhprovodimost Fiz. Khim. Tekh. 3, 523
(1990).
[196] K. Oka and H. Unoki, Japanese Journal of Applied Physics 26, L1590
(1987).
174
Bibliography
[197] N. M. Hwang, R. S. Roth, and C. J. Rawn, Journal of the American
Ceramic Society 73, 2531 (1990).
[198] R. Hord, G. Cordier, K. Hofmann, A. Buckow, G. Pascua, H. Luetkens,
L. Al, and B. Albert, Zeitschrift fr anorganische und allgemeine Chemie
637, 1114 (2011).
[199] C. Sekar, T. Watanabe, and A. Matsuda, Journal of Crystal Growth 212,
142 (2000).
[200] A. N. Maljuk, G. A. Emelchenko, I. I. Zverkova, and A. V. Kosenko,
Superconductor Science and Technology 7, 596 (1994).
[201] A. Mohan, B. Buchner, S. Wurmehl, and C. Hess, Journal of Crystal
Growth 402, 304 (2014).
[202] K. Kitamura, N. II, I. Shindo, and S. Kimura, Journal of Crystal Growth
46, 277 (1979).
[203] K. Kitamura, S. Kimura, and S. Hosoya, Journal of Crystal Growth 48,
469 (1980).
[204] S. Watauchi, M. A. R. Sarker, M. Nagao, I. Tanaka, T. Watanabe, and
I. Shindo, Journal of Crystal Growth 360, 105 (2012), 5th International
Workshop on Crystal Growth Technology.
[205] G. Behr, W. Loser, N. Wizent, P. Ribeiro, M.-O. Apostu, and D. Souptel,
Journal of Materials Science 45, 2223 (2010).
[206] K. Isawa, M. Nagano, and K. Yamada, Journal of Crystal Growth 237239,
Part 1, 783 (2002), the thirteenth international conference on Crystal
Growth in conj unction with the eleventh international conference on Vapor
Growth and Epitaxy.
[207] S. Kimura, K. Kitamura, and I. Shindo, Journal of Crystal Growth 65,
543 (1983).
[208] K. Kitamura, S. Kimura, and K. Watanabe, Journal of Crystal Growth
57, 475 (1982).
[209] M. Higuchi and K. Kodaira, Materials Research Bulletin 29, 545 (1994).
[210] L. Pintschovius, J.-M. Bassat, P. Odier, F. Gervais, B. Hennion, andW. Re-
ichardt, EPL (Europhysics Letters) 5, 247 (1988).
175
Bibliography
[211] L. Pintschovius and M. Braden, Journal of Low Temperature Physics 105,
813 (1996).
[212] W. Brenig and A. Chernyshev, \Spin heat-conductivity of two-dimensional
antiferromagnets coupled to phonons," DPG Conference, Dresden, Ger-
many, March 2014.
[213] Y. Onose, T. Ideue, H. Katsura, Y. Shiomi, N. Nagaosa, and Y. Tokura,
Science 329, 297 (2010).
[214] H. Katsura, N. Nagaosa, and P. A. Lee, Phys. Rev. Lett. 104, 066403
(2010).
[215] G. Simutis, S. Gvasaliya, M. Mansson, A. L. Chernyshev, A. Mohan,
S. Singh, C. Hess, A. T. Savici, A. I. Kolesnikov, A. Piovano, T. Perring,
I. Zaliznyak, B. Buchner, and A. Zheludev, Phys. Rev. Lett. 111, 067204
(2013).
[216] G. Simutis, Private communication.
[217] M. V. Abrashev, A. P. Litvinchuk, C. Thomsen, and V. N. Popov, Phys.
Rev. B 55, 9136 (1997).
[218] S. Singh, Private communication.
[219] F. Hammerath, Private communication.
[220] K. Prokes, E. Ressouche, A. Mohan, B. Buchner, and C. Hess, Unpublished.
[221] L. P. Regnault, J. P. Boucher, H. Moudden, J. E. Lorenzo, A. Hiess, U. Am-
merahl, G. Dhalenne, and A. Revcolevschi, Phys. Rev. B 59, 1055 (1999).
[222] G. Prando, Phase Diagrams of REFeAsO1 xFx materials. Macroscopic and
nanoscopic experimental investigation, Ph.D. thesis, Universit degli Studi
Roma Tre (2013).
[223] P. Carretta, R. D. Renzi, G. Prando, and S. Sanna, Physica Scripta 88,
068504 (2013).
[224] E. F. Bertaut, Acta Crystallographica Section A 24, 217 (1968).
[225] W. Sikora, F. Bia las, and L. Pytlik, Journal of Applied Crystallography
37, 1015 (2004).
[226] R. J. Birgeneau, J. Skalyo, and G. Shirane, Journal of Applied Physics 41,
1303 (1970).
176
Publications
 G. Simutis, S. Gvasaliya, M. Mansson, A. L. Chernyshev, A. Mohan, S.
Singh, C. Hess, A. T. Savici, A. I. Kolesnikov, A. Piovano, T. Perring, I.
Zaliznyak, B. Buchner, A. Zheludev, Spin Pseudogap in Ni-doped SrCuO2,
Phys. Rev. Lett. 111, 067204 (2013).
 A. Mohan, N. Sekhar Beesetty, N. Hlubek, R. Saint-Martin, A. Revcolevschi,
B. Buchner, and C. Hess, Bond disorder and spinon heat transport in the
S = 1
2
Heisenberg spin chain compound Sr2CuO3: From clean to dirty lim-
its, Phys. Rev. B. 89, 104302 (2014).
 A. Mohan, B. Buchner, S. Wurmehl, C. Hess, Growth of single crystalline
delafossite LaCuO2 by the travelling-solvent oating zone method, Journal
of Crystal Growth, 402, 304307, (2014).
177
Acknowledgements
Firstly, I would like to thank Prof. Dr. Bernd Buchner for provid-
ing me the opportunity to work towards my PhD. at IFW-Dresden,
and for valuable scientic discussions and suggestions throughout the
course of my work. I express my deepest gratitude to Dr. Christian
He, for keenly guiding me throughout my tenure. I thank him for his
continual patience, openness, understanding and promptness, both on
a personal and professional level. Being a good critic of scientic writ-
ing, his comments have helped me improve and develop good writing
and organizing skills.
I thank Prof. Dr. Alexandre Revcolevschi from Paris for introduc-
ing me to the travelling solvent oating zone (TFSZ) technique with
enjoyable lectures, and for being great company whenever we met.
I would also like to thank Romuald Saint-Martin for sharing his ex-
periences of the TFSZ technique. I oer thanks to him and to Neela
Sekhar Beesetty for providing excellent single crystals for heat conduc-
tivity measurements and for fruitful discussions. I thank Dr. Sabine
Wurmehl of the crystal growth group of IFW for the scientic discus-
sions, for always being very cooperative and helpful, and giving me
the opportunity to use lab facilities including mirror furnace equip-
ment for single crystal growth. I thank Jochen Werner for teaching
me some key aspects of materials preparation, and giving me the op-
portunity to guide young students in the lab. A big thanks to all
other group members of the crystal growth group, especially Muller
Litvanyi, Christian Blum, and Luminitza Harnagea for having helped
me when I faced problems regarding tools and techniques used for
materials synthesis. I also would like to acknowledges Lars Giebeler,
Andrea Vo and Ahamd Omar for technical assistance.
Thanks to Yannic Utz, Christian Rudish, Hajo Grafe and Franziska
Hammerath in the NMR group for measurements on the grown single
crystals that were discussed in this work. I thank Giacomo Prando
for muon spectroscopy measurements and helpful discussions regard-
ing interpretations of data. I thank Mahmoud Mohammed, Wolf
Schottenhamel, Sebastian Ga and Anja Wolter for thermodynamic
property measurements of specic heat, magnetization and thermal
expansion. I thank Sven Partzsch, Martin Zwiebler and Jochen Geck
for single crystal diraction measurements and interesting discussions
on complicated crystal structures. I thank Karel Prokes from HZDR
Berlin for performing neutron scattering experiements discussed in
this work, and for illuminating discussions on the work. I thank
our collaborators from ETH-Zurich, especially, Prof. Dr. Andrey
Zheludev and Gediminas Simutis, for having conducted neutron scat-
tering measurements on the grown single crystals. I thank Prof. Dr.
Wolfram Brenig, Prof. Dr. Peter Prelovsek and Yoseuf Rahnavard for
theoretical support and some illuminating discussions on heat trans-
port. I also thank Oleg Mityashkin for performing heat conductivity
measurements at high temperature, and for scientic discussions.
Last but not the least, I thank Surjeet Singh for being a great friend
and a good teacher who gave me detailed insight into the TFSZ tech-
nique, and with whose help and guidance I could achieve much suc-
cess in the crystal growth experiments. I thank Manoj, Sarika and
Asheem Da for giving great company and sharing nice moments. I
thank Ahmad Omar, Steven Rodan, Amartya Singh and Jena Park
for their presence and kindness, Alexey, Oleg, Oleksii, Natasha, Yulia,
Nadezda, Ekaterina for the fun-times we had with the ball, the beer
and the guitar. A big 'Danke schon' to all my friends at IFW, who
created a great atmosphere lled with camaraderie that was highly
conducive to both work and play! Of course, I also owe thanks to
'lab-mates' Nikolai Hlubek, Andreas Jost, Martin Bauch, Dirk Bom-
bor, Oleg Mityashkin, Olexi Vakaliuk and Alexey Alfonsov who were
on their toes when help of any kind was needed in the lab. I spe-
cially thank Nikolai and Oleg for having introduced and taught me
the measurement techniques of heat conductivity and resistivity at
low temperatures. I sincerely thank Dr. Marion Malkoc, Kerstin
Hollerer, Katja Schmiedel and Manja Maljuk for all the administra-
tive help that the so kindly provided. Finally, I would like to thank all
the members of project LOTHERM, for organizing enjoyable meetings
all across Europe, which proved to be a great experience of sharing
and learning.
I would like to thank my parents for their encouragement in my in-
terests. Finally, I would express my gratitude towards our Mother
Nature for all the resources that made this work possible in the rst
place.
Versicherung
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulassige Hilfe Drit-
ter und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe,
die aus fremden Quellen direkt oder indirekt ubernommenen Gedanken sind als
solche kenntlich gemacht. Die Arbeit wurde bisher weder im Inland noch im Aus-
land in gleicher oder ahnlicher Form einer anderen Prufungsbehorde vorgelegt.
Diese Arbeit wurde unter Betreuung von Prof. Dr. Buchner am Institut fur
Festkorperforschung (IFF) des Instituts fur Festkorper- und Werkstoforschung
Dresden e.V. (IFW Dresden) angefertigt. Es haben keine fruheren erfolglosen
Promotionsverfahren stattgefunden.
Ich erkenne hiermit die Promotionsordnung der Fakultat Mathematik und Na-
turwissenschaften der Technischen Universitat Dresden vom 18.06.2014 an.
Dresden, den 22. Juli 2014
